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HARVARD  UNIVERSITY 
Division  of  Applied  Sciences 
Pierce  Hall,  29  Oxford  Street 
Cambridge,  Massachusetts  02138 

Annual  Progress  Letter 
ONR  Contract  N00014-83 -1-0030 
For  Period:  Novenber  1,  1982  -  October  31,  1983 

A.  Picosecond  Heating  of  Silicon 

The  personnel  associated  with  this  project  consisted  of: 

Dr.  N.  Bloeabergen,  Principal  Investigator 
Dr.  J,  M.  Lin 
Dr.  L.  A.  Lompre 
Dr.  H.  Knrz 
Dr.  A.  M.  Malvezzi 

Daring  the  first  year  of  this  contract  we  have  reached  many  of  the  objec¬ 
tives  set  for  picosecond  pumping  and  probing  of  silicon  surfaces.  The  samples 
consisted  of  high  resistivity  single-crystal  wafers  and  silicon-on-sapphire 
(SOS)  crystalline  films  with  thicknesses  between  0.1-0. 5  pm.  The  reflectance 
and  transmission  of  these  samples  was  probed,  after  a  green  pump  pulse  at  0.53 
pm  of  20  ps  duration  had  created  a  dense  electron-hole  plasma  and  heated  the 
lattice.  Theae  measurements  yielded  the  complex  index  of  refraction  at 
several  wavelengths  in  the  visible  and  infrared,  at  0.53  pm,  1.06  pm,  1.9  pm 
and  2.8  pm.  The  picosecond  probe  poises  at  the  last  two  wavelengths  were 
obtained  by  the  stimulated  Raman  effect,  as  the  first  Stokes  of  H^  gss  and  the 
second  Stokes  of  CH^  gas,  respectively.  The  data  were  obtained  ss  a  function 
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of  pup  flueuce  tad  of  the  tine  deity  following  the  pup  palte.  The  dttt  tt 

0.53  pa  allow  t  determination  of  the  ltttiee  temperature,  which  prodacet  vari- 

ttions  in  the  index  of  refraction  for  the  indirect  gtp  trtneition.  The 

infrared  data  permit  t  precise  deterainttion  of  the  plttat  density.  The 

20  3 

letter  never  exceeds  5  x  10  ctrriers/ca  before  the  silicon  Belts.  Detailed 
profiles  of  carrier  density  and  lattice  teaperatnre  following  the  heating 
pnlse  are  consistent  with  a  picture  in  which  the  dense  carrier  gas  and  the 
lattice  equilibrate  to  the  sane  teaperatnre  in  picoseconds  or  less,  and  in 
which  the  carrier  density  decays  from  its  aaximu  value  of  less  than  10  /cc 
in  about  100  ps.  due  to  Auger  recombination.  A  novel  three-pulse  experiment, 
in  which  a  first  pulse  at  0.53  pm  creates  the  plasma,  a  second  pulse  at  1.06 
pm  heats  this  plssma.  and  a  third  pulse  at  various  wavelengths  probes  the 
resulting  changes  in  index  of  refraction,  has  also  been  introduced. 

For  further  details  we  refer  to  the  (p)reprints  of  technical  papers 
presented  at  international  conferences  or  published  in  technical  journals. 
These  papers  are  attached  as  appendices. 

These  optical  methods  of  approach  to  picosecond  heating  problems  will  be 
applied  next  to  GaAs  and  germaniu  samples.  Progress  has  also  been  made  on 
the  photoelectric  emission  and  the  emission  of  positive  ions  from  silicon  sur¬ 
faces.  This  work  will  be  continued  during  the  next  year. 

List  of  papers  supported  by  ONR  Contract  N00014-83-I-0030  and  published 
or  submitted  for  publication  in  1983. 

1.  'Picosecond  tiae-reaolved  detection  of  plasma  formation  and  phase  transi¬ 
tions  in  silicon*.  J.N.  Liu,  H.  Kurz  and  N.  Bloubergen.  in  Laser-Solid 
hmitliroi  lAd  Timitttt  Uutatl  Pmtltlai  Si  Materials.  V.L.  Brown. 
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R.A.  Lemons  and  J.  Narsyan,  editor*.  Materials  Research  Society  Sympo¬ 
sium  Proceedings,  Vol.  13  (Elsevier  Nor th-Hol land.  New  York,  1983),  pp. 
3-12. 

2.  'Fundamental s  of  pulsed  laser  irradiation  of  silicon',  B.  Kurz,  L.A. 
Lompre  and  J.N.  Liu,  in  Proc.  Materials  Research  Society-Europe  Meeting, 
Laser  Solid  Interactions  and  Transient  Thermal  Processing  of  Materials, 
Strasbourg,  May  1983,  J.  de  Physique,  Colloques  (1983). 

3.  'Time-resolved  temperature  measurement  of  picosecond  laser  irradiated 
silicon'.  L.A.  Lompre,  J.M.  Liu,  H.  Kurz  and  N.  Bloembergen,  Appl.  Phys. 
Lett.  43,  168-170  (1983). 

4.  'Optical  heating  of  electron-hole  plasma  in  silicon  by  picosecond 
pulses',  L.A.  Lompre,  J.M.  Liu,  B.  Kurz  and  N.  Bloembergen,  Appl.  Phys. 
Lett,  (accepted  for  publication.  1984). 

3.  'Picosecond  time-resolved  reflectivity  and  transmission  at  1.9  and  2.8  pm 
of  laser-generated  plasmas  in  silicon  and  germanium’,  B.M.  van  Oriel, 

L.A.  Lompre  and  N.  Bloembergen,  Appl.  Phys.  Lett.  (  accepted  for  publica¬ 
tion)  . 

B.  Picosecond  Puleed  Laser  Induced  Trans  forma  tions  is  MqHls  jnd  AUoyy 

The  personnel  associated  with  this  effort  were: 

F.  Spaepen,  Principal  Investigator 
C.-J.  Lin,  Graduate  Student 
C.  A.  MacDonald,  Graduate  Student 

Ve  have  studied  a  variety  of  binary  alloys,  and  found  the  following 
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transformation  products: 

Fa-B:  0-  4VB:  snparsatnratad  b.e.c. 

5-  18%B:  glass 

In  conventional  glaaa  formation  (melt-spinning) ,  minimnm  of  1 2*B  required. 
Ni-Nb:  0-  18%Ni:  anpersatnrated  b.c.c. 

23-  82%Ni:  glass 

89-100fcNi:  anpersatnrated  f.c.c.  (heavily- faulted  with  twins  and 

stacking  faults) 

The  conventional  glass  formation  range  is  40-70%Ni 
Co-Nb:  60»Co:  glass 

Co-Mo:  45%Co:  glass 

Mo-Ni:  30.  50  60%Ni:  glass 

Co-Cu:  50%Cu:  supersaturated  f.c.c. 

Au-Co:  4MCo:  supersaturated  f.c.c. 

60.  70%Co:  mixture  of  supersaturated  f.c.c.  and  glass 

Using  picosecond  laser  quenching,  the  glass  formation  range  has  been  greatly 

extended  beyond  that  for  conventional  quenching,  and  a  number  of  new  glasses 

have  been  formed.  The  only  metals  that  could  not  be  quenched  into  glasses 

were:  pure  or  dilute  metals,  and  alloys  for  which  the  crystal  competing  with 

glass  formation  was  disordered  f.c.c.  (Cu-Co) . 


In  pure  metals,  such  as  Fe.  very  high  crystal  regrowth  speeds  (at  least 
SOOm/sec)  were  inferred  from  the  growth  of  crystals  to  a  diameter,  parallel  to 
the  surface,  as  large  as  several  pm. 


In  marginally  glass  forming  alloys,  such  as  Fe-4%B,  interfacial  instabil¬ 
ities  were  observed  in  the  latter  stages  of  solidification,  resulting  in  a 
crystalline-amorphous  two-phase  morphology. 


Ve  have  started  a  study  aimed  at  direct  measurements  of  crystal  growth 
velocities  in  pure  metals  and  simple  alloys.  Ve  are  currently  searching  for 
system  with  a  large  enough  difference  in  reflectivity  between  the  crystalline 
and  liquid  phases,  so  that  the  pump-probe  technique,  developed  for  the  silicon 
work,  can  be  applied. 


Ve  have  designed  and  finiahad  the  construction  of  a  dual  gun  ion  beam 
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spattering  system  for  preparing  starting  alloys  for  irradiation.  It  has  pro¬ 
duced  vary  satisfactory  pore  metal  films;  ve  expect  to  produce  the  first  com- 
positionally  modulated  materials  in  the  next  month. 

Lilt  &£  Papers 

1.  'Solidification  morphology  of  picosecond  pulsed  laser  quenched  Fe^gB^', 
C.-J.  Lin  and  F.  Spaepen,  Scripts  Met..  12,  1259  (1983). 

2.  'Picosecond  pulsed  laser-induced  melting  and  glass  formation  in  metals', 
C.-J.  Lin,  F.  Spaepen  and  D.  Turnbull,  5th  Int.  Conf.  on  Liquid  and 
Amorphous  Metals,  to  appear  in  J.  Non-Cryst.  Solids. 

3.  'Metallic  glasses  and  metastable  crystalline  phases  produced  by 
picosecond  pulsed  lsser  quenching',  C.-J.  Lin  and  F.  Spaepen,  Mat.  Res. 
Soc.  Conf.  Symposia,  in  press. 

These  papers  are  added  in  appendix;  tvo  earlier  papers,  supported  by  the 
Harvard  MRL,  have  been  added  for  completeness  of  the  alloy  survey. 

Completed: 

C.-J.  Lin,  'Formation  of  metallic  glasses  by  picosecond  pulsed  laser 
quenching',  1983. 


Time-resolved  temperature  measurement  of  picosecond  laser  irradiated 
silicon 

L.  A.  Lompr6,*)  J.  M.  Liu,b)  H.  Kurz,  and  N.  Bloembergen 

Gordon  McKay  Laboratory.  Division  of  Applied  Sciences.  Harvard  University.  Cambridge.  Massachusetts 
02138 

{Received  22  March  1983;  accepted  for  publication  26  April  1983) 

Time-resolved  reflectivity  and  transmission  measurements  of  crystalline  silicon  films  reveal 
lattice  heating  through  the  temperature  dependence  of  the  complex  index  of  refraction.  The 
temperature  rise,  which  is  much  higher  than  derived  by  others  from  Raman  scattering 
experiments,  occurs  in  a  surface  layer  of  100-nm  thickness. 

PACS  numbers:  79.20.Ds 


While  the  recent  results1'5  on  the  fundamental  mechan¬ 
isms  of  pulsed  laser  anealing  of  silicon  are  consistent  with  a 
simple  thermal  model,  Raman  scattering  experiments6,7  still 
suggest  that  the  phase  transition  occurs  far  below  the  melt¬ 
ing  point,  and  that  the  lattice  temperature  remains  below 

■'Permanent  address  C.  E  N./Sacliy,  DPh.G/S.P.A.S.,  91191  Gifsur- 
Yvette  Ccdcx,  France. 

■'Permanent  address:  Department  of  Electrical  and  Computer  Engineer¬ 
ing.  Bell  Hall.  SUNY  at  Buffalo.  Amherst.  New  York  14260. 


800  K.  It  is  the  purpose  of  this  letter  to  report  a  temperature 
determination  form  the  variation  in  the  complex  index  of 
refraction  following  a  pump  pulse. 

Our  earlier  experiments  utilized  a  probe  pulse  at 
A  =  1064  nm,  following  a  pump  pulse  at  A  =  532  nm  These 
data  revealed  the  existence  of  a  dense  electron-hole  plasma* 9 
with  a  lifetime  of  about  100  ps.  A  sharp  transition  to  a  molten 
metallic  phase  occurred  at  a  pump  fluence  of  0.2  J/cm'. 
Here,  we  report  data  on  the  reflectivity  and  transmission  of 
thin  samples  of  silicon-on-sapphire  (SOS),  at  a  probe  wave- 
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length /i  >=  532  tun  and  with  a  delay  of 200 ps  after  the  pump 
pulse.  Under  these  conditions  the  plasms  contribution  to  the 
index  variations  is  minimized.9  The  latter  can  now  be  inter¬ 
preted  by  their  known  intrinsic  temperature  variation, 
owing  to  the  change  in  the  indirect  band  gap  and  in  the  ma¬ 
trix  elements  for  the  indirect  transition.  While  in  the  Raman 
scattering  only  the  LO-branch  phonons  near  the  center  of 
the  Brillouin  zone  are  involved,  the  index  variations  are  de¬ 
termined  by  the  thermal  excitations  of  all  phonon 
branches. 10  According  to  Jellison  and  Modine"  the  real  pan 
of  the  index  in  the  green  varies  as  n  =  n0  +  0T,  with 
n0  —  3.93  and  p  —  6x  10-4  up  to  T  —  1000  K.  The  imagi¬ 
nary  part  varies  as  k  =  k0  exp( T /Q ),  with  k0  =  4.24  x  10“ J 
and  &  =  430  K. 

The  experimental  setup  is  similar  to  that  described  in 
Ref.  9.  Simultaneous  reflectivity  and  transmission  measure¬ 
ments  were  performed  on  silicon-on-sapphire  (SOS)  samples 
with  (100)  silicon  surfaces  and  with  silicon  films  of  0.5-  or 
0. 1  -/im  thickness.  The  SOS  sample  is  heated  by  a  pulse  of  20 
ps  at  532  nm.  The  probe  pulse  is  derived  from  the  pump  pulse 
with  a  beamsplitter.  The  variable  time  delay  of  the  probe 
pulse  with  respect  to  the  pump  pulse  can  be  extended  from 
—  50  ps  to  2.5  ns.  Zero  time  delay  was  determined  with  an 
accuracy  of  ±  5  ps.  The  polarization  of  the  probe  beam  is 
rotated  by  90°  in  a  half-wave  plate  to  suppress  interference  of 
the  two  beams  on  the  sample  surface.  The  probe  beam  is 
incident  at  26'  to  the  normal  of  the  sample  surface.  The 
pump  beam  is  incident  on  the  opposite  side  of  the  normal  and 
travels  in  a  direction  opposite  to  the  probe  beam.  Because  the 
pump  and  probe  pulses  are  at  the  same  wavelength,  these 
precautions  are  necessary  to  prevent  artifacts  generated  by 
the  interference  of  pump  and  probe.  Narrow  band  filters  are 
used  in  front  of  the  photodiode  detectors  to  eliminate  stray 
light  at  other  wavelengths.  The  noise  level  of  the  detection 
system  under  regular  experimental  conditions  is  checked  by 
blocking  only  the  probe  beam.  The  detection  limit  for  trans¬ 
mission  measurements  is  one  percent.  The  pump  pulse  is 
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FIG.  I.  Reflectivity  end  transmission  at  ,i  -=  332  nm,  probed  with  e  delay 
At »  200  pe  after  the  pump  pulic  at  A  «  332  nm,  vs  incident  fluence,  in  a 
0.3-pm-thick  SOS  sample. 
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focused  to  a  diameter  of  300 /im  at  the  e~  ‘  intensity  contour 
of  its  Gaussian  spatial  profile.  The  probe  pulse  is  focused  to  a 
diameter  of  30  /im  at  the  exact  center  of  the  pump  spot 
Because  silicon  has  considerable  absorption  at  532  nm, 
which  increases  significantly  with  heating,  the  fluence  of  the 
probe  pulse  must  be  kept  extremely  low  to  prevent  reheating 
or  assisting  the  heating  of  the  sample.  In  this  experiment  the 
probe  fluence  was  kept  at  about  0. 1  %  of  the  pump  fluence. 

At  A  =  532  nm,  the  (100)  silicon  film  of  0.5-/im  nominal 
thickness  exhibits  sensitive  changes  of  low  intensity  reflec¬ 
tivity  and  transmission  owing  to  slight  variations  of  the 
thickness  across  the  sample.  Without  pumping,  the  reflectiv¬ 
ity  R  and  transmission  T  of  the  film  at  the  probe  incident 
angle  of  26* change  across  the  sample  from  a  maximum  value 
of*  =  0.52  and  a  minimal  value  of  T  —  0.27  to  a  minimal 
value  of  *  =  0.15  and  a  maximal  value  of  T=  0.48.  These 
interference  effects,  owing  to  reflection  from  the  silicon-sap¬ 
phire  interface,  provide  an  additional  check  on  our  experi¬ 
mental  procedure.  The  derived  values  of  n  -I-  ik  should  be 
independent  of  the  film  thickness.  This  was  indeed  found  to 
be  the  case.  Film  thicknesses  which  give  the  highest  trans¬ 
mission  at  room  temperature  yield  the  most  sensitive  infor¬ 
mation  on  the  variation  of  k  with  temperature. 

In  Fig.  1  the  reflectivity  and  transmission  of  a  0.5-/im- 
thick  SOS  sample  are  plotted  versus  incident  fluence  F  of  the 
heating  pulse  after  a  time  delay  of 200  ps.  With  an  increasing 
fluence  level  the  reflectivity  increases  gradually  and  reaches 
a  plateau  between  0  12  and  0.16  J/cm‘.  Above  this  level  a 
sharp  rise  to  a  level  of  69%  occurs,  which  corresponds  to  the 
metallic  reflectivity  of  liquid  silicon  at  the  angle  of  incidence 
used  in  this  experiment.  The  flat  top  portion  reflects  the  con¬ 
dition  where  multiple  interferences  are  nearly  suppressed 
because  of  the  high  absorption  at  elevated  temperatures 

The  transmission  drops  continuously  from  an  initial 
value  of  48%  to  the  detection  limit  of  1%  at  0.2  J/cnr.  This 
limit  corresponds  to  an  average  optical  absorption  a>7 
X  10+4  cm-1,  nearly  one  order  of  magnitude  above  the 
room-temperature  value  of  a  —  104  cm  '.  The  optically  in- 
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FIG.  2.  Fraction  of  absorbed  probe  pulse  energy  vs  incidenl  energy  fluence 
of  the  pump  beam  for  the  case  of  |s|  aO.S-pm-thick  and  |b|  a  0.1-pm-thick 
SOS  sample. 
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FIG  3  Average  temperature  rise  T  in  the  two  samples  vs  incident  pump 
energy  fluence 


duced  transmission  and  reflectivity  changes  remain  constant 
between  200  ps  and  1  ns,  indicating  two  facts:  a  local  equilib¬ 
rium  between  phonons  is  established  in  less  than  200  ps,  and 
no  significant  heat  loss  into  the  substrate  occurs  on  a  1-ns 
time  scale. 

Direct  experimental  evidence  for  a  large  gradient  of  the 
absorption  profile  a[x)  generated  after  200  ps  can  be  deduced 
from  the  absorbance  of  samples  with  different  thickness.  As 
shown  in  Fig.  2,  the  fraction  of  absorbed  energy  A  = 
(l  ~  (A  +  T)]  of  the  probing  pulse  depends  on  the  incident 
fluence  F.  At  low  fluence  the  quantity  A  is  remarkably  differ¬ 
ent  for  the  0.5  and  0. 1-^m- thick  silicon  films.  With  increas¬ 
ing  fluence  the  difference  in  A  between  the  two  samples  is 
reduced.  At  a  pump  fluence  level  ofO.  12  J/cm2,  even  the  thin 
sample  absorbs  most  of  the  transmitted  probe  radiation.  The 
slight  modulation  of  the  absorbance  is  caused  by  changing 
the  standing  wave  pattern  of  the  pump  beam  during  the  irra¬ 
diation. 

The  actual  temperature  profile  T{x)  is  crucial  for  fitting 
the  measured  reflectivity  and  transmission  data.  Due  to  the 
exponential  temperature  dependence  of  a,  the  optical  den¬ 
sity 

ad  =  jf  a{x)dx  =  a0  £  n^^jdx 

depends  critically  on  the  profile  T{ x).  According  to  the  thin- 
film  optics  equations  for  continuously  varying  refractive  in¬ 


dex,  the  correlation  between  reflectivity  and  transmission 
requires  a  precise  knowledge  of  the  spatial  profile  of  the  opti¬ 
cal  thickness.12  We  have  not  been  able  to  match  the  trans¬ 
mission  and  reflectivity  data,  assuming  a  uniform  tempera¬ 
ture  distribution  even  in  the  thin  SOS  sample  (d  =  1000  A). 
If  temperature  profiles  are  calculated  numerically  from  the 
nonlinear  absorptivity  a{T),  the  observed  reflectivity  and 
transmission  data  can  be  matched  through  the  entire  range 
of  fluences  below  the  threshold  for  phase  transition.  A  de¬ 
tailed  analysis  of  this  fitting  procedure  is  beyond  the  scope  of 
this  letter  and  will  be  published  in  an  extended  version  Here, 
only  the  resulting  average  value  of  the  temperature, 


T=d~ 


r 


T(x)dx, 


is  shown  in  Fig.  3  to  indicate  the  actual  heating  of  the  lattice. 
T is  a  nonlinear  function  of  the  energy  fluence  as  the  absorp¬ 
tivity  changes  during  the  20-ps  heating  pulse.  In  the  thin 
sample  with  d  =  100  nm,  an  average  temperature  rise  of 
1000  K  occurs  at  a  pump  fluence  of  0.08  J/cm2.  Since  the 
data  in  Ref.  1 1  only  go  to  1000  K,  the  behavior  at  higher 
temperatures  cannot  be  plotted.  The  actual  surface  tempera¬ 
ture  is,  of  course,  still  higher. 

These  optical  probing  experiments  reveal  significantly 
higher  lattice  temperatures  than  have  been  inferred  from 
Stokes-anti-Stokes  ratios  in  Raman  scattering  experiments 
Our  signal  to  noise  is,  of  course,  many  orders  of  magnitude 
better  than  in  the  Raman  case.  In  fact,  the  temperature  rise 
can  be  determined  for  a  single  individual  pulse.  When  our 
temperature  data  are  extrapolated  to  higher  fluences,  they 
are  consistent  with  the  attainment  of  the  melting  point  at  the 
observed  fluence  threshold  of  0.2  J/cnr  for  a  phase  transi¬ 
tion,  prevously  reported.* 
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Using  a  novel  three-pnlse  technique,  essential  information 
about  the  density,  optical  effective  mass  and  kinetics  of 
laser-generated  plasmas  in  silicon  has  been  obtained. 
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Numerous  investigations  of  the  change  in  optieel  properties  of 
silicon  indnced  by  s  strong  pump  or  'besting'  pulse  have  recently 
been  carried  ont  (1-4].  By  varying  the  wavelength  of  the  probing 
pnlse  and  its  time  delay  with  respect  to  the  picosecond  pnap  pnlse, 
the  contribntions  dne  to  a  variation  in  lattice  teaperatnre  and 
those  one  to  changes  ir  csrrier  density  have  been  separately  deter- 
ained  [5] . 


The  real  part  of  the  dielectric  function  at  a  probing  frequency 
w: 

2 

e'  =  n^(T)  I  i  -  <  2  <T)  ]  -  4nc  2N  (1) 

a*(i> 

2 

increases  with  the  lattice  temperature  T  (dn/dT  >  0,  <  <  1)  and 
decreases  with  the  number  of  electron-hole  pairs  N.  As  long  as 
there  is  no  reliable  information  about  the  modification  of  the  opti¬ 
cal  reduced  mass  m*  =  (m*  1  ♦  m*.1)  1  at  high  densities  and  carrier 

eh 

temperatures  T#  available,  the  reflectivity  data  of  laser-generated 
plasmas  in  silicon  allow  only  the  determination  of  N/m*. 


The  imaginary  part  of  the  dielectric  function 

e  ' '  ■  2n2(T)  k  (T)  +  4ge  N  / - - -  +  — — ^ 

VT,KLlT'  w3  -W/ 


(2) 


increases  with  N  and  T;  however,  as  a  third  unknown  parameter,  the 
scattering  times  of  the  carriers  (t  ,t.)  averaged  over  their  energy 

t  fi 

distribution  come  into  play.  Thus  the  experimental  determination  of 
e*  and  e*'  do  not  provide  sufficient  information  to  solve  separately 
for  N^,  T#  and  m*. 


In  this  note  results  obtained  with  a  three-pulse  technique  are 


t 
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reported.  The  first  poise,  with  e  flor'.c.  of  SO  mJ/cmi  in  the  risi¬ 
ble  (X  “  53n  nm)  of  20  ps  duration,  creates  the  carrier  plasma  A 
second  pulse  at  X  «  1.06  of  30  ps  dnrstion  adds  energy  to  the 
plasas  by  the  free  carrier  absorption  processes  without  changing  its 
density.  A  third  poise  (X  ■  530  na)  probes  the  resulting  changes  in 
reflectivity  and  transmission  of  a  0.5  ixm  thick  ail  icon-on-sapphire 
(SOS)  sample.  Details  of  the  experimental  geometry  have  been  given 
in  reference  5 . 

The  time  delay  between  the  first  two  pulses  is  kept  fixed. 

At^  *  100  ps.  Then  the  reflectivity  and  transmission  as  a  function 

of  At^,  the  time  delay  of  the  probe  pulse,  is  shown  in  Fig.  1  for 

two  cases.  The  drawn  lines  are  valid  in  the  absence  of  the  second 

pulse.  This  behavior  has  been  explained  previously  [5]  in  terms  of 

decaying  plasma  density  and  with  the  asymptotic  values  of  R  and  T 

indicating  the  change  in  lattice  temperature.  The  dotted  lines  a.e 

2 

valid  when  the  IR  plasma  heating  pulse  of  25  mJ/cm  is  applied.  The 
data  give  the  variations  AR  and  AT,  due  to  the  change  in  lattice 
temperature.  There  is  no  evidence  for  an  increase  in  N/m*  due  to 
the  second  pulse.  The  data  indicate  that  the  energy  relaxation  time 
of  the  carriers  with  the  lattice  is  faster  than  impact  ioniza¬ 
tion. 


In  Fig.  2  the  probe  pulse  is  fixed  at  At^  *  400  ps.  The 
change  in  reflectivity  AR  is  measured  as  a  function  of  Atj^.  It 
therefore  measurea  the  variation  in  the  lattice  temperature  AT. 

2 

Clearly,  the  additional  heating  by  the  second  pulse  of  40  mJ/cm  is 
maximum  for  At^^  *  10  ps  and  decays  as  the  plasma  density  created  by 
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the  first  pulse  decays. 

These  data  are  consistent  with  a  Model  in  which  the  energy 
relaxation  tine  x^  between  carriera  and  lattice  is  taken  to  be  short 
coapared  to  the  pulse  dnration.  In  fact,  we  have  pnt  x  ^  *=  0. 
Instantaneous  theraal  enhancement  of  the  indirect  absorption  at  0.53 
pa  is  assumed.  Thus  the  generation  rate  of  electron-hole  pairs 
experiences  a  significant  increase  [61  during  the  picosecond  excita¬ 
tion  at  0.53  pm.  With  these  assumptions,  the  highest  possible 

plasma  densities  in  the  absence  of  impact  ionization  are  calculated. 

2  ui  2 

The  results  for  a  fluence  level  of  *  100  bJ/cb>  are  shown  in 

Fig.  3.  where  the  plasma  density  at  the  surface  and  the  surface 

temperature  are  plotted  versus  time.  The  plasma  density  reaches 

+20  -3 

the  maximum  with  ~  6.7  x  10  cm  a  few  picoseconds  after  the 
intensity  maximum  of  the  Gaussian  temporal  excitation  profile  cen¬ 
tered  at  At  =  0.  The  plasma  density  is  strongly  reduced  by  Auger 
recombination  (y  =  4  x  10  31) .  The  rise  and  peak  of  the  lattice 
temperature  are  retarded  with  respect  to  the  plasma  features. 

Optical  probing  of  the  plasma  generated  at  this  fluence  level 

48  -1  -3 

yields  an  upper  limit  of  N/m*  values  with  N/m*  -  4  x  10  g  cm 
[3,4.7].  The  maximum  possible  value  of  the  optical  mass  at  this 
fluence  level  is  m*  1  0.18  m^.  Thus  the  data  are  consistent  with  a 

nearly  constant  reduced  optical  mass  a*  *  (me*  +  m^)  *  *  0.15  m^, 
expected  for  a  plasma  in  thermal  equilibrium  with  the  lattice. 

The  solid  lines  in  Fig.  2  are  calculated  on  the  basis  of  this 
aodel  with  the  free  carrier  absorption  cross  section  at  1.06  pm 
taken  to  be  a  -  2.3  x  10-'  (T/300) .  This  coefficient  is  four  times 


tines  larger  than  that  reported  at  lover  carrier  concantrationa  [8]. 
The  carrier  aoaentoa  relaxation  tiaes  and  occurring  in  Eq. 
(2).  are  drastically  rednced  at  high  t  -oeratnres  and  high  plasaa 
densities;  or,  alternatively,  the  Drude  nodel  does  not  adequately 
describe  the  absorption.  A  aore  complete  theoretical  discussion 
will  be  presented  elsewhere. 

In  conclusion,  the  three-pulse  experiments  support  the  picture 
that  the  carrier  plasaa  rapidly  cools  off  by  transferring  energy  to 
the  lattice.  Plasms  heating  by  free  carrier  absorption  does  not 
lead  to  significant  impact  ionization.  The  'siaple  heating'  nodel 
equations  yield  the  correct  plasma  density  and  temperature  on  a 
picosecond  time  scale.  The  real  part  of  the  dielectric  constant  is 
consistent  with  a  low  value  of  the  effective  nass,  and  the  imaginary 
part  indicates  a  shortening  of  the  momentum  relaxation  times. 

This  work  was  supported  by  the  U.S.  Office  of  Naval  Research 
under  contract  no.  00014-83K-0030 .  One  of  us  (H.K.)  would  like  to 
acknowledge  partial  support  from  the  Alexander  von  Humboldt  Founda¬ 
tion,  Bonn,  R.  R.  Germany. 
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FIGURE  CAPTIONS 


1.  Time-resolved  reflectivity  end  transmission  in  SOS  induced  by 

2 

the  first  pump  pulse  st  532  am  with  SO  mJ/em  end  probed  et  the 
sene  wavelengths  st  different  tiae  delays  (full  line).  Changes 
induced  by  the  second  pup  beast  at  1064  am  with  25  mJ/em  (dot¬ 
ted  1 ine)  . 

2.  Relative  changes  of  reflectivity  and  transmission  probed  after 

400  ps.  induced  by  a  second  pulse  at  1064  am  with  a  finance  F^j 
2 

■  40  bJ/cb  .  The  AR  and  AT  values  are  measured  as  a  function 
of  its  delay  tine  Atjj . 

3.  Calculated  temporal  profile  of  the  plssma  density  N  • 

and  lattice  temperature  at  the  surface  of  silicon  during  and 
following  a  20ps.  0.1  J/cm2  pup  pulse  at  0.S3  pm. 


S.O.S.  d  =0.5  pm 
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We  have  observed  plasmon  resonances  with  1.9  pin  and  2.8  pm 

probe  pulses  in  silicon  and  germanium,  excited  by  25  ps  pulses 
2 

up  to  40  mJ/cm  at  0.53  and  1.08  pm, respectively .  Firm 


values  of  N/m*  are  derived. 
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The  kinetics  of  laser  generated  electron-hole  plasmas  in  semiconductors 

and  their  possible  influence  on  phase  transitions  have  been  of  considerable 

interest,  particularly  in  the  area  of  laser  annealing  of  ion-implanted 

materials.3-  One  of  the  most  direct  techniques  which  can  be  used  to  obtain 

the  carrier  density  and  its  temporal  and  spatial  evolution  involves  time 

2 

resolved  free  carrier  infrared  spectroscopy  with  the  ambipolar  plasmas 

3  4 

probed  in  reflection  and/or  transmission.  This  technique  has  been  used  ' 
in  nonosecond  and  picosecond  time  scales  to  observe  transient  plasmon 

19 

resonances  at  5.4  and  10.6  um  in  Ge ,  Si  and  GaAs  for  plasma  densities  of  10 
20  -3 

to  10  cm  To  investigate  higher  densities  in  Si,  several  researchers 
have  used  high  picosecond  or  femtosecond  excitations  with  probe  pulses  at 

5 

wavelengths  <  1.06  ym.  Although  a  free  carrier  induced  drop  in  the  reflec¬ 
tivity  is  observed  in  all  cases,  the  enhanced  reflectivity  associated  with 
the  plasmon  resonance  is  not.  Due  to  a  lack  of  knowledge  of  the  detailed 
dielectric  function  at  high  excitation  levels,  it  is  difficult  to  extract 
quantitative  information  about  the  plasma  parameters  from  such  experiments. 
However,  even  assuming  the  validity  of  Drude-Zener  formalism,  optical 

measurements  allow  only  the  evaluation  of  N/m*,  where  N  is  the  plasma 

6 

density  and  m*  the  electron-hole  reduced  conductivity  effective  mass. 

From  previous  experiments  employing  a  1.06  um  picosecond  probe  a  normalized 

density  of  N/m‘ =  3.4  «  1048  g  3cm  3  has  been  found  for  a  0.53  um,  25  ps., 

2  6 

100  mj/cm  excitation  pulse.  According  to  the  Drude  model  the  plasmon 
resonance  would  therefore  be  expected  at  a  wavelength  of 


c/e  (m*/N  ) 1/2  <ttc  )1/2  « 
P 


where  *  11.8  is  the  high  frequency  dielectric  constant. 


In  this  letter  we  report  the  direct  observation  of  the  plasmon  resonances 
by  using  picosecond  probe  pulses  at  1.9  and  2.8  ym.  A  firm  value  of  N/m* 
is  derived. 

A  passively  mode-locked  Nd:YAG  laser  was  used  to  produce  single  30  ps., 

1.06  ym  and  25  ps./  0.53  ym  pulses  which  had  Gaussian  spatial  and  temporal 

profiles.  These  pulses  were  respectively  focussed  to  spot  sizes  of  800  ym 

diameter  (e  1  intensity  points)  on  (111)  surfaces  of  nearly  intrinsic  Ge  and 

Si  wafers.  The  back  surface  of  these  samples  was  optically  diffuse  and  so 

prevented  undesired  interference  effects.  The  generated  plasmas  were  probed 

in  reflection  (R)  and  in  transmission  (T)  using  1.9  and  2.8  ym  pulses  which 

were  derived  from  a  portion  of  the  initial  1.06  ym  pulse  by  the  stimulated 

Raman  scattering  in  50  cm  long  cells  containing  50  atmospheres  of  and  CH^ , 

respectively.  The  first  stokes  component  from  the  H2  gas  and  the  second 

stokes  component  from  the  CH^  gas  were  selected  using  interference  filters. 

The  pulse  widths,  although  not  measured,  are  estimated7  to  be  less  than 

30  ps..  The  probe  pulses,  whose  spatial  profile  was  measured  to  be  close  to 

diffraction  limited,  were  focused  to  spot  sizes  of  <  200  ym  at  the  center  of 

2 

the  excitation  region;  their  fluence  was  kept  less  than  1  mJ/cm  to  avoid 
undesired  heating  effects.  Three  PbS  detectors  were  used  to  measure  reflected, 
transmitted  and  reference  probe  pulse  energies, while  a  calibrated  vacuum 
photodiode  was  used  to  monitor  pump  energies.  The  signals  from  all  four 
detectors  were  handled  by  a  computer-automated  data  acquisition  system. 

Standard  picosecond  pump  and  probe  techniques  were  used  to  determine  R  and 
T  as  a  function  of  time. 

Figures  1-3  display  typical  results  for  the  time  resolved  reflectivity 
and  transmission  signatures  in  silicon  and  germanium  for  different  pump 
fluences.  The  curves  accompanying  the  data  are  guides  to  the  eyes.  The  pump 
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fluence  was  kept  below  the  threshold  fluence  for  melting  (200  mJ/cm  in 

2 

Si  at  0.53  ym,  75  mJ/cm  in  Ge  at  1.06  ym)  to  avoid  any  contributions  from 

metallic  or  molten  regions.  Complete  theoretical  interpretation  of  these 

8 

results  will  be  given  elsewhere.  Here  we  wish  to  illustrate  the  salient 
features  for  different  excitations  and  probe  conditions.  Figure  1  shows 

2 

the  reflectivity  R  at  1.9  ym  as  a  function  of  time  for  Si  for  a  40  mJ/cm 

2 

pump  fluence.  At  40  mJ/cm  ,  and  below,  the  transient  R  shows  a  broad  single 
minimum.  Within  the  Drude-2ener  model,  the  true  minimum  is  reached  when  the 
real  part  of  the  dielectric  constant  is  unity,  which  occurs  at  a  critical 
density  Nc =  -  1/e^) ,  where  is  given  by  equation  (1).  The  value 

of  the  reflectivity  at  the  minimum,  R=0.12,  is  determined  by  the  plasma 
damping  mechanism  and  the  temporal  width  of  the  probe  pulse.  The  non-zero 
width  of  the  probe  pulse  unfortunately  partially  washes  out  the  actual 
transient  optical  response  of  the  plasmon  resonance.  However,  at  least  for 
the  broad  minimum  in  R,  at  low  fluences,  these  effects  are  small.  Assuming 

that  the  convolution  effects  do  not  change  the  value  of  the  minimum  reflectivity , 
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a  value  of  N/m* =  3.6  "10  g  cm  is  derived.  If  one  assumes  for  the 

effective  mass,  m* = 0.123  m  ,  (the  low  density  value)  where  m  is  the  free 

o  o 

20  -3 

electron  mass,  the  plasma  density  would  be  4*10  cm  at  the  pump  fluence 
2  9 

of  40  mJ/cm  .  Theoretical  considerations  indicate  that  m*,  and  consequently 
N,  may  be  up  to  factor  two  higher  at  this  level  of  irradiation. 

The  transmission  data,  normalized  to  the  bulk  transmission  of  an 
unexcited  sample,  provides  complementary  information  to  that  of  the  reflec¬ 
tivity,  since  it  is  sensitive  to  the  total  number  of  carriers  in  the  bulk.  The 
normalized  transmission,  T,  is  given  by 


T (t)  =  (0.7)  “(1  -  R (t) )  exp 


Ho—) 


(2) 
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where  0.7  is  the  surface  transmission  of  the  unexcited  sample.  This  equation 
is  justified  if  a,  the  free  carrier  absorption  cross-section,  is  independent 
of  depth,  x.  The  transmission  drops  to  a  minimum  of  10%  at  40  mJ/cm2. 

This  transmission  minimum  is  located  at  a  slightly  positive  time  delay  between 
the  excitation  and  the  probe  pulses.  This  is  a  direct  consequence  of  the 
temporal  integration  (nonzero  probe  pulse  width) .  The  free  carrier  induced 
transmission  change  recovered  more  slowly  than  the  corresponding  reflectivity 
trace, due  to  the  fact  that  the  plasma  density  at  the  surface  is  higher  than 
the  average  density  in  the  bulk. 

Figure  2  shows  typical  experimental  results  obtained  at  2.8  yn, where  the 

2 

plasmon  resonance  is  easily  observed.  The  15  mJ/cm  data  is  similar  to  that 

2 

of  Fig.  1  and  shows  a  broad  single  minimum.  At  40  mJ/cm  ,  the  transient  F. 
shows  two  shallow  minima  on  both  sides  of  a  peak  near  the  zero  time  delay. 
During  the  leading  and  the  trailing  edge  of  the  pump  pulse,  the  carrier  surface 
density  passes  twice  through  the  critical  density  Deconvolution  of  the 

data  with  respect  to  the  nonzero  probe  pulse  width  indicates  that  the  peak 
reflectivity  is  >  0.9.  The  slower  decay  of  R  at  2.8  ym  is  as  expected, 
since  the  reflectivity  at  the  longer  wavelength  is  more  sensitive  to  a  given 
density  of  carriers.  The  clear  experimental  observation  of  the  plasmon 

resonance  at  2.8  ym  indicates  that  the  N/m*  value  passes  twice  through  the 

,  ,  ,  „  ,  48  -1  -3  ^  ^ 

value  of  1.8  *  10  g  cm  on  each  side  of  the  maximum  value  of 

48  -1  -3  2 

3.6  x 10  g  cm  at  the  same  fluence  of  40  mJ/cm  .  Apart  from  discrepancy 

near  zero  delay,  where  large  fluctuations  were  noted,  the  transmission  data  at 

40  mJ/cm2  is  consistent  with  equation  (2)  with  0  =  5  x  10  ^  cm2. 

The  data  taken  with  the  Ge  sample  is  interesting t since  it  reveals  apparent 

saturation  of  the  carrier  generation  rate  which  has  been  the  subject  of 

11  12 

speculations  over  the  past  few  years.  '  Figure  3  shows  R  and  T  data 


at  1.9  and  2.8  ym  for  Ge  at  50  mJ/cm  ,  30%  below  the  threshold  for  bulk 

melting.  With  a  pump  absorption  depth  of  0.7  ym,  the  carrier  generation 

2 

rate  at  1.06  ym  is  higher  than  that  of  100  mJ/cm  at  0.53  ym  in  Si.  Also 
the  Auger  recombination  coefficient^3  of  2  *  10  3^  cm^  /  sec  is  a  factor  of 
two  smaller  than  in  Si,  as  is  the  reduced  effective  mass.  However,  as  showr. , 
the  plasmon  resonance  is  not  observed  at  1.9  ym  and  is  barely  discernible  at 

2.8  ym.  Theoretical  considerations  for  germanium  indicate  that  the  reduced 

effective  mass  is  not  more  than  20%  greater  than  its  low  density  value 

m*  =  0.08  m  .  A  detailed  fit  of  the  data  shows  that  the  maximum  density 
o 

obtained  is  N  =  2 . 5  *  10^  cm  3 ,  while  =  2.0  *  10^  cm  3  for  2.8  ym.  The 
observations  at  2.8  ym  are  consistent  with  those  at  1.9  ym  where  no  reflec¬ 
tivity  peak  is  observed,  as  this  would  require  a  density  at  the  surface  of 
20  -3 

4.5  >10  cm  .  The  low  densities  are  indicative  of  intravalence  band 
12  14 

absorption  '  or  saturation  of  the  valence-conduction  band  transition  due 

to  the  Burstein-Moss  effect.  A  model  which  neglects  these  processes  would 

21  -3 

lead  to  a  larger  carrier  density  at  the  surface  (>  10  cm  ) ,  which  is  not 
observed.  The  low  minimum  value  of  the  transmission,  shown  here  only  for 

1.9  ym,  also  indicates  a  stronger  plasmon  damping,  due  to  the  added  contri¬ 
bution  of  intravalence  band  transitions.  Lastly,  it  should  be  noted  that 
the  melting  threshold  of  Ge  at  1.06  ym  is  consistent  with  the  absorption 
coefficient  and  the  known  melting  temperature  of  1210  K. 

In  summary,  we  have  shown  experimentally  that  the  plasmon  resonances 


are  located  between  1.9  and  2.8  ym  for  picosecond  excitation  pulses  of 
2  2 

40  mJ/cm  on  silicon  and  of  50  i&I/cm  on  germanium.  In  silicon  the  maximum 
plasma  density  at  the  surface  is  4  xlO20  cm  3  if  variation  of  the  effective 


mass  is  negligible,  although  both  may  be  up  to  a  factor  of  two  higher.  In 


germanium  the  maximum  carrier  density  is  about  2  to  3  * 1020  cm”2  before 
melting  occurs.  These  data  show  that  fast  infrared  transient  spectroscop 
of  Si  and  Ge  is  a  valuable  technique. 

This  research  was  supported  by  the  Office  of  Naval  Research  under 
contract  N00014-83-K-0030  and  the  Joint  Services  Electronics  Program  unde 
contract  N00014-75-C-00648 . 
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F1GURE  1.  Reflectivity  and  transmission  of  bulk  Si  at  1.9  Um  as  a 

2 

function  of  probe  time  delay  after  a  0.53  um  pump  pulse  at  0.04  j /cm  . 
FIGURE  2.  Reflectivity  and  transmission  of  bulk  Si  at  2.S  um  as  a 

2 

function  of  probe  time  delay  after  a  0.53  um  pump  pulsed  at  (a)  0.015  j/cm 

2 

and  (b)  0.04  J/cm  . 

FIGURE  3.  Reflectivity  and  transmission  of  bulk  Ge  at  1.9  um  and 

2.8  um  as  a  function  of  probe  time  delay  after  a  1.06  um  pulse  of  fluence 

,  2 
50  mJ/cm  . 
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Introduction 

It  is  well  Known  that  the  formation  of  metallic  glasses  trotr.  the  melt  is  a  configurational 
freezing  process  and  that  the  glass  transition  is  a  Kinetic  phenomenon.  Accordingly,  for  any 
giver,  alloy,  glass  formation  depends  on  the  cooling  rate  used.  In  previous  work,  we  have  showr. 
that  the  conventional  glass  formation  ranges  can  be  greatly  extended  by  picosecond  pulsed  laser 
induced  sel f -quenching .  For  instance,  the  glass  formation  range  of  picosecond  laser  quenched 
Ni-Nfc  alloys  (1)  is  nearly  double  that  achieved  by  splat -cooling  (2);  Fe-B  alloys  car.  be  laser 
quenched  into  glasses  with  a  B  concentration  as  lev  as  5  at.%  (3),  which  is  significantly  below 
the  12  at.%  B  minimum  required  for  glass  formation  in  melt-spinning  (4). 

We  report  here  an  interesting  solidification  morphology  obtained  by  picosecond  pulsed  laser 
irradiation  of  Fe-E  alloy  containing  about  4  at.%  B. 

Experimental  Procedure 

Details  of  the  experimental  procedure  have  been  published  previously  13).  Briefly,  sput¬ 
tered  compos  it  ionally  modulated  films  of  Fe^B^/Fe  ^re  used.  The  modulation  wavelengths  of 
these  films  were  kept  at  about  2  nm  to  insure  the  homogeneity  of  the  melt  by  mixing  ir.  th*  li¬ 
quid  state  during  the  short  lifetime  of  the  melt  1  ns)  following  a  30  psec  laser  pulse.  The 
irradiation  was  per formed  in  air,  using  a  1.06  Urn  NdtYAG  laser.  Transmission  electron  microscopy 
and  diffraction  were  used  to  characterize  the  microstructure  after  solidif icati on. 


Fig.  1.  TEM  bright  field  micrograph  and  corresponding  diffraction 
pattern  from  a  Fe^  ^  film  after  laser  irradiation. 
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patterns  from  both  bright  and  dark  regions  of 
the  same  grain  in  Figure  3(a)  showed  the  same 
•ingle  crystalline  pattern. 
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Fig.  4.  Schematic  illustration  of 
the  solidification  morph¬ 
ology  of  a  Fe.-B^  film  af¬ 
ter  laser  irradiation. 


We  suggest  the  following  solidification 
^  __L  mechanism,  show*  schematically  in  Figure  4,  to 
explain  these  unusual  morphologies.  The  b.c.c. 

ZOnmcrystals  are  thought  to  grow  very  rapidly  after 
nucleation,  up  to  several  hundred  meters  per 
second  (5),  in  the  direction  parallel  to  the  sur- 
*  face  until  limited  by  mutual  impingement.  In  the 
normal  direction,  the  crystals  are  thought  to 
_  grow  initially  fast  enough  to  keep  a  stable 

'/  planar  growth  front.  As  the  growth  front  ap¬ 

proaches  the  surface,  it  continually  slows  down, 
due  to  the  decreasing  thermal  gradient.  At  some 
point,  the  crystal  growth  velocity  may  became  low 
enough  for  morphological  instability  to  set  in 
(6,7).  Crystalline  protrusions  develop  on  the 
growth  front  and  reach  the  surface,  while  the  re¬ 
gions  between  those  protrusions  became  richer  in 
B  and  hence  quench  into  the  glassy  state.  The 
characteristic  length  scale  of  the  instability 
should  depend  on  the  growth  front  velocity  (6) , 
with  the  slower  velocities  giving  larger  features . 


This  mechanism  accounts  qualitatively  for  our  observations: 


(i)  The  amorphous  phase  in  Figure  4  is  confined  to  a  layer  of  thickness  similar  to  the  character¬ 
istic  length  in  the  lateral  direction.  This  is  consistent  with  the  STEM  microdiff ractior*  obser¬ 
vations  of  the  same  single  crystalline  diffraction  spots  in  the  light  or  dark  areas  of  the  same 
grain.  If  the  amorphous  phase  were  dispersed  throughout  the  100  nm  thick  film,  the  5-30  nr. 
features  would  not  be  as  clearly  separated  on  the  micrographs  of  Figure  2. 


(ii)  The  melt  depth  at  the  edge  of  the  irradiated  spot  is  shallower,  resulting  in  a  steeper  ther¬ 
mal  gradient,  a  faster  cooling  rate,  and  a  higher  regrowth  velocity  (6);  this  explains  the  de¬ 
crease  of  the  characteristic  length  on  Figures  2 (a) -2(c). 


(iii)  The  degree  of  segregation  of  B  should  be  quite  small,  since  it  is  limited  by  the  very  fast 
crystal  growth  rates.  Accordingly,  this  solidification  morphology  is  expected  to  occur  only  for 
alloys  containing  slightly  less  than  5  at.%  B.  At  or  above  5  at.%  B,  the  cooling  rate  is  high 
enough  to  make  the  entire  sample  glassy.  Far  below  5  at.%  B,  the  amount  of  B  is  too  small, 
either  for  constitutional  undercooling  to  be  effective,  or  for  the  B-rich  regions  to  reach  t;.*' 
minimum  5  at.%  required  for  glass  formation;  indeed,  we  observe  that  all  Fe-B  alloys  containing 
3  at.%  or  less  B  became  entirely  crystalline  (supersaturated  b.c.c.). 

We  think  it  unlikely  that  the  morphology  is  the  result  of  equilibrium  phase  separation  in 
the  liquid  state,  since  it  is  very  difficult  to  reconcile  the  existence  of  a  liquid  miscibility 
gap  with  a  T  -composition  (i.e.,  equal  free  energies  for  crystal  and  liquid)  of  16  at.%  B  at 
660K  (5).  ° 

The  dependence  of  the  scale  of  the  microstructure  on  the  quench  rate  (see  Figure  3)  clearly 
establishes  that  the  morphology  is  a  result  of  the  solidification  process  and  not  of  a  subsequent 
surface  reaction.  The  short  lifetime  of  the  melt  (1  ns)  also  rules  out  oxygen  contamination  from 
the  air  during  irradiation.  Possible  contamination  due  to  a  pre-existing  surface  oxide  can  not 
explain  the  morphology,  since  the  surface  would  be  uniformly  affected.  At  the  power  level  used 
here,  seme  evaporation  occurs  at  the  center  of  the  spot,  which  cleans  off  the  surface  (9) ; 
nevertheless,  the  morphology  is  observed  over  the  entire  laser  spot.  STEM  analysis  also  excluded 
contamination  of  the  sample  by  the  substrate  (e.g.  Al  (3))  as  a  possible  factor. 
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Conclusions 

Canpositionally  modulated  films  with  average  composition  Fe^B^  were  irradiated  by  a 
30  picosecond  laser  pulse.  The  solidification  morphology  showed  a  glassy  region,  with  dimen¬ 
sions  much  smaller  than  the  grain  sire,  superimposed  on  the  individual  grains.  This  morphology 
is  thought  to  result  from  an  interfacial  instability  occuring  at  the  last  stages  of  the  very 
fast  crystal  regrowth  process. 
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ABSTRACT 


Irradiation  of  a  solid  surface  by  a  picosecond  laser  pulse  leads  to 
of  a  thin  overlay,  and  subsequent  quenching  at  rates  of 
10  xK/s  or  higher.  This  technique  is  also  one  of  the  few  available 
for  superheating  a  crystal  above  its  melting  temperature.  The 
ultra-fast  quenching  rates  permit  the  formation  of  new  metallic 
glasses.  Work  on  the  Fe-B  and  Ni-Nb  system  is  reviewed,  and  new 
results  on  the  Mo-Ni,  Mo-Co  and  Nb-Co  systems  are  reported.  In  all 
cases,  glasses  are  formed  below  the  T  -line,  indicating  that  parti¬ 
tionless  crystallization  is  usually  a?  least  partially  diffusion 
controlled  due  to  the  change  in  short  range  order  upon  crystalliza¬ 
tion;  only  in  the  simplest  structures,  such  as  disordered  f.c.c. 
solutions,  are  the  partitionless  crystallization  kinetics  fast 
enough  to  preclude  glass  formation. 


INTRODUCTION 

When  a  solid  metallic  surface  is  irradiated  by  a  laser  pulse  of  duration 

tp,  the  energy  is  deposited  in  a  layer  of  thickness  a  ,  where  a  is  the 

-1  © 

absorption  coefficient;  for  metals,  a  is  on  the  order  of  100A.  During  the 

1/2 

pulse,  a  layer  of  thickness  (2D,,  t  )  is  heated  up  by  thermal  conduction, 

t  h  p 

where  D  is  the  thermal  diffusivity.  For  metals,  D,.  is  on  the  order  of 

tH  vju 

2 

0.3cm  /sec,  which,  for  a  30ps  pulse,  corresponds  to  an  initial  heated  layer  of 

o  2 

about  300A  thick.  For  a  typical  laser  fluence  of  about  0.3  J/cm  and  a  metal¬ 
lic  reflectivity,  the  temperature  rise  in  this  (molten)  layer  is  estimated  to 
be  several  thousand  degrees.  The  fraction  of  the  energy  lost  due  to  evapora¬ 
tion  is  small  (<10%)  since  it  is  limited  by  the  evaporation  kinetics  and  the 
short  duration  of  the  process.  The  rest  of  the  energy  is  conducted  into  the 
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bulk,  leading  to  further  melting  to  a  total  depth  on  the  order  of  1000A. 
Further  cooling  then  leads  to  resolidification  of  this  layer,  either  by  cry¬ 
stallization  or  glass  formation.  Beat  flow  calculations  and  direct  observa¬ 
tions  of  melting  (e.g.  in  Si,  using  time-resolved  reflectivity)  show  that  the 

total  lifetime  of  the  melt  for  a  30ps  pulse  is  about  1  ns;1  given  that  the 

3 

temperature  drop  is  on  the  order  of  10  K,  this  corresponds  to  an  average  cool- 

12 

ing  rate  during  solidification  on  the  order  of  10  K/ s .  Since  most  'conven¬ 
tional'  quenching  techniques,  such  as  melt  spinning,  produce  cooling  rates  of 
about  lO^K/s,  it  is  expected  that  pulsed  laser  quenching  can  lead  to  the  for¬ 
mation  of  new  metastable  phases.  A  review  of  the  fundamentals  of  pulsed  laser 

2 

interactions  with  solid  surfaces  has  been  given  by  Bloembergen. 

MELTING  AND  SOLIDIFICATION  KINETICS 

The  general  formalism  of  these  transformations  has  been  reviewed  by  Spae- 
3  4 

pen  and  Turnbull.  ’  The  velocity  of  the  crystal-melt  interface,  u,  may  be 
approximated  by: 

u  ~  u^  <T„-T.)/T.  (1) 

o  Mj  l 

where  T^  is  the  melting  temperature  and  T^  the  temperature  at  the  interface; 
uq  is  a  velocity  determined  by  the  kinetics  of  the  melting  or  crystallization 
process:  for  pure  metals,  when  these  processes  are  collision-limited,  u^  is 

approximately  equal  to  the  speed  of  sound,  u^;  for  alloys,  where  diffusive 
rearrangements  may  be  important  uq  ~  D/k  (D:  diffusivity;  k:  interatomic  dis¬ 
tance)  . 

The  heat  flow  associated  with  melting  or  solidification  leads  to  a  second 


expression  for  u: 


(2) 


u  =  -  kV  V. T/ AH 
1  c 

with  k:  thermal  conductivity;  V;  molar  volume;  \TT:  temperature  gradient  at 
the  interface;  :  molar  heat  of  crystallization.  The  combination  of  eqs. 

(1)  and  (2)  then  leads  to  a  determination  of  the  interface  temperature,  . 

If  the  interface  kinetics  are  fast  compared  to  the  rate  of  heat  removal  (or 
heat  supply,  for  melting),  as  is  the  case  in  most  conventional  metal  process¬ 
ing,  the  process  is  called  heat  flow  limited ■  and  T  is  only  slightly  dif¬ 
ferent  from  T^.  If,  however,  the  interface  kinetics  are  slow  (e.g.  if  limited 
by  diffusional  rearrangements),  and  the  rate  of  heat  removal  (or  supply)  is 
fast  (e.g.  due  to  the  very  steep  thermal  gradients  in  ps  pulsed  laser  anneal¬ 
ing),  the  process  becomes  interface  1 imi ted .  and  T.  is  very  different  from  Tu. 

If  the  kinetic  processes  at  the  interface  are  col  1 i sion- 1 imit ed ,  as  in 
crystallization  of  pure  metals,  differs  from  by  only  a  few  tens  of 
degrees  even  in  ps  pulsed  laser  quenching.  It  should  be  noted  that  the  ther¬ 
mal  gradients  during  the  melt-in  phase  following  the  pulse  are  much  steeper 

than  during  solidification:  V.T  ~  10^K/(2D  .t  )^2  ~  1011K/m.  According  to 

l  ~  th  p  ~ 

eq.  (2)  this  corresponds  to  a  heat-flow  limited  velocity  on  the  order  of 
2000m/s,  i.e.,  on  the  same  order  of  us>  Eq.  (1)  therefore  predicts  a  substan¬ 
tial  overheat  at  the  interface.  Consequently,  picosecond  pulsed  laser  heating 
is  one  of  the  few  methods  available  for  superheating  metallic  crystals. 

For  metallic  glass  formation,  ir  is  clear  t'tc  T.  must  fall  far  below  T„ 
during  cooling,  and  that  hence  diffusion-limited  int  face  kinetics  seem 
required.  The  solidification  velocity,  u,  in  ps  laser  quenching  can  be 

e 

estimated,  from  the  melt  depth  (-1000A)  and  the  lifetime  of  the  melt  (~1  ns), 

to  be  at  least  lOOm/s.  The  distance  that  an  alloy  atom  can  travel  diffusively 

1/2 

during  the  passing  of  the  solidification  front,  (DX/u) 


,  is  then  less  than 


4 


an  interatomic  distance.  The  solidification  process  is  therefore  a  'parti¬ 
tionless’  one.  Partitionless  crystallization  is  only  thermodynamically  possi¬ 
ble  if  the  temperature  drops  below  the  so-called  'To-line’  in  Fig.  1,  i.e., 
the  line  where  the  free  energy  of  the  crystal  and  the  undercooled  liquid  solu¬ 
tions  are  equal . ^ 


Com  position 


FIGURE  1 

Schematic  illustration  of  the  To~lines  (equal  free  energy 
for  liquid  and  crystal)  in  a  simple  eutectic  phase  diagram. 

This  'solute  trapping'  process  has  been  discussed  in  detail  by  Aziz.*’  If  the 

configurational  freezing  temperature  ('T  ')  of  an  alloy  lies  above  the 

T  -lines,  glass  formation  is  expected  if  no  interme tal 1 ic  phases  can  be 
o 

formed;  the  complex  structure  of  most  of  these  phases,  however,  usually 

requires  diffusion-like  rearrangements  that  slow  down  the  crystallization 

kinetics.  Since  partitionless  crystallization  into  the  primary  solutions  is 

often  a  very  fast  process,  it  has  been  proposed  that  the  T^-iines  represent 

7  8 

the  limits  of  glass  formation.  ’  However,  as  will  be  demonstrated  below, 
this  is  only  the  case  for  the  simplest  crystal  structures,  such  as  disorder  d 
f.c.c.  alloys,  where  the  kinetics  may  approach  the  collision  limit.  If,  as  is 
often  the  case,  reconstruction  of  the  short-range  order  is  required,  the  cry- 
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stallization  kinetics  are  at  least  partially  diffusion-limited  and  glass  for¬ 
mation  can  occur  even  below  the  T  -lines. 

o 

$ 

EXPERIMENTAL  PROCEDURE 

The  main  experimental  problem  in  studying  the  solidification  of  binary 
alloys  in  the  ps  pulse  regime  is  obtaining  a  homogeneous  melt  in  its  1  ns 
lifetime,  since  the  mixing  length  corresponding  to  this  time,  (Dt)  ,  is  only 
3oX.  The  phases  in  the  alloy  must  therefore  be  dispersed  on  this  scale.  We 

9  10  o 

have  solved  this  problem  ’  by  preparing  the  starting  alloy  as  a  ~1000A  thick 
composi tional ly  modulated  film  with  a  wavelength  shorter  than  the  mixing 
length.  After  irradiation,  the  film  is  floated  off  the  substrate  and  is  ready 
for  transmission  electron  microscopy  without  further  thinning.  This  procedure 
is  also  very  flexible  in  that  it  allows  preparation  of  a  continuous  range  of 
compositions  using  only  two  sources  or  sputtering  targets. 

RESULTS 

9  10 

In  earlier  papers  ’  we  showed  that  Fe-B  alloys  with  a  B  content  as  low 

as  5  at.%  can  be  made  glassy  by  psec  laser  quenching,  whereas  'conventional' 

quenching  requires  a  minimum  of  12  at.%B.  Below  5  at.%B,  the  alloys  solidify 

as  supersaturated  b.c.c.  crystals.  Estimates  of  the  T  -line  in  the  Fe-B  sys- 

o 

tern,  based  on  regular  solution  modeling  and  on  the  devitrification  mechanism, 

show  that  all  the  new  alloys  obtained  by  laser  quenching  were  formed  below  the 

T  -line . 
o 

Similar  observations  were  made  for  the  Ni-Nb  system,**  where  glasses  were 
formed  by  laser  quenching  in  the  23-82  at.%Ni  range,  with  (supersaturated) 
f.c.c.  and  b.c.c.  crystalline  solid  solutions  outside  this  range;  the  glass 


12 

formation  range  in  'conventional'  quenching  it  only  40-70  at.%Ni,  and 
corresponds  roughly  to  the  range  between  the  T^-lines.  Again,  laser  quenching 
demonstrated  that  glasses  could  still  be  formed  far  below  the  T  -lines. 


FIGURE  2 

Molybdenum-nickel  phase  diagram,  indicating  estimated  T  -lines 
for  the  primary  solid  solutions.  Glasses  have  been  formed  by 
laser  irradiation  at  the  three  compositions  indicated  by  arrows. 

We  also  report  here  new  results  on  glasses  formed  in  the  Ni-Mo,  Co-Mo  and 

Co-Nb  systems.  Figure  2  shows  the  Mo-Ni  phase  diagrams  with  estimated  T  - 

o 

lines  for  the  primary  solid  solutions.  For  three  compositions,  with  30,  30 

and  60  at.%Ni,  ps  laser  quenching  produced  the  amorphous  phase.  Note  that  in 

two  cases  glasses  are  formed  below  the  T  -line,  and  that  the  6(MoNi)  interme- 

o 

tallic  is  not  formed  upon  quenching  the  alloy  between  the  T^-lines.  Similar 
alloys,  with  35,  50  and  65  at.%Ni,  had  been  made  amorphous  by  Liu  al  by 
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ion  nixing  of  multi-layer  films  of  the  crystalline  elements.  In  the  60  at.%Ni 
alloy,  we  observed  some  microcrystal s,  but  only  near  the  center  of  the  laser- 
irradiated  spot;  in  the  30  at.%Ni  alloy  some  crystals  (b.c.c.)  were  observed 
at  the  edge  of  the  spot,  but  not  in  the  center;  in  the  50  at.%Ni  alloy  the 
entire  spot  was  amorphous.  A  possible  explanation  of  the  difference  in  the 
occurrence  of  the  crystals  may  be  that  crystals  at  the  edge  in  the  30  at.%Ni 
alloys  grow  epitaxially  on  the  only  partly  melted  modulated  film  (the  beam  has 
a  Gaussian  intensity  profile),  whereas  in  the  60  at.%Ni  alloy,  the  higher 
quench  rate  at  the  edge  suppresses  growth,  while  at  the  slower  cooling  center 
new  crystals  can  nucleate  on  the  substrate.  Figures  3  and  4  show  the  diffrac¬ 
tion  patterns  of  as-deposited  and  irradiated  Mo,, Co.,  and  Nb,„Co,„  alloys.  In 

55  45  40  60 

both  cases,  fully  glassy  phases  are  formed  upon  irradiation.  To  our 
knowledge.  Co-Mo  amorphous  alloys  had  so  far  not  been  produced  by  liquid 
quenching;  Liu  £t  a_l13  have  produced  amorphous  alloys  with  65  and  35  at.%Co  by 
ion  mixing.  It  is  interesting  that  the  as-deposited  modulated  Nb-Co  film  is 
entirely  amorphous,  whereas  the  as-deposited  Mo-Co  film  is  entirely  crystal¬ 
line,  although  both  were  prepared  by  sequential  sputter  deposition  of  the  cry¬ 
stalline  elements.  Since  both  systems  are  clearly  glass  formers,  and  since  the 
sputter-induced  mixing  is  probably  similar  for  both  films,  the  occurrence  of 

the  as-deposited  amorphous  film  may  be  the  result  of  enhanced  solid  state 

14 

interdiffusion  between  the  layers,  as  observed  in  La-Au. 


I 


FIGURE  3 

Electron  diffraction  patterns  of  an  as-deposited  (a)  and 

laser-irradiated  (b)  coaposi t ional ly  nodulated  film  of 

average  composition  Mo. .Co,,. 

35  4  5 


FIGURE  4 

Electron  diffraction  patterns  of  an  as-deposited  (a)  and 

laser-irradiated  (b)  compositional ly  modulated  film  of 

average  composition  Nb.nCo,n. 

4U  6  0 
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ABSTRACT 

12  - 1 

The  mechanism  of  ultrafast  cooling  (10  K  sec  x)  by 
picosecond  pulsed  laser  irradiation  is  reviewed,  and  it  is 
demonstrated  that  only  partitionless  transformations  can 
occur.  The  glass  formation  range  in  a  number  of  binary 
systems  is  reviewed,  demonstrating  that  many  glasses  can  be 
formed  below  the  T0-line.  The  formation  of  metastable 
crystalline  alloys  in  the  Fe-B ,  Ni-Nb,  Cu-Cc  and  Au-Co 
systems  is  reported. 


INTRODUCTION 

As  discussed  m  detail  by  Bloembergen  11]  and  others  11  3],  picoseconr 
pulsed  lasers  can  be  used  to  induce  verv  high  cruer.ch  rates,  uf.  to 
10^2K/sec.,  in  thin  molten  overlays  on  a  metallic  substrate.  Figure  1 
illustrates  the  stages  of  this  process:  (i)  energy  reposition  in  a  layer  o 
the  order  of  the  absorption  depth  (-500 R)  :  (n'  very  fast  melting 
('1000m  'sec . )  of  a  -100oX  thick  layer;  (iii)  coolmc,  accompanied  by  fast 
crystal  regrowth  ('100m /sec.)  or  glass  formation. 


FIG.  1.  Schematic  diagrams  illustrating  tt.f  a- 
quenching . 

The  crystal  growth  or  melting  velocity ,  :  =.  Iwir*  . -im¬ 

balance  : 


K  1  ■ 


(K:  thermal  conductivity;  7.T:  temperature  gradient  difference  at  the  inter¬ 
face;  V:  molar  volume;  AH^:  molar  heat  of  fusion),  and  by  the  kinetics  of 
interface  motion : 


u  2; 


u 

o 


T. 

1 


(2) 


(T  :  melting  temperature;  T.: 


interface  temperature;  uq:  velocity  prefactor). 


For  collision-limited  motion  u0  *  us,  the  speed  of  sound;  for  diffusion- 
limited  motion  uc  =  D/X  ;D:  diffusivity  in  the  liquid;  X:  interatomic  dis¬ 
tance)  ;  a  mixed  mechanism  has  a  value  of  uD  between  these  two.  Since  the 
temperature  gradients  in  this  process  are  very  steep  (10**K/m  in  melting; 
10*®K/m  in  cooling)  ,  equating  u  in  Eqs.  (1)  and  (2)  leads  to  values  of 
that  are  considerably  different  from  T^.  Upon  cooling,  this  can  lead  to  the 
formation  of  new  metastable  crystalline  phases,  or,  if  the  crystal  growth 
kinetics  are  slow  enough,  glass  formation.  The  lifetime  of  the  melt,  deter¬ 
mined  experimentally  on  Si  [4, 5)  or  estimated  from  heat  flow  calculations, 
is  about  1  ns  under  the  conditions  described  above.  Since  the  temperature 


of  the  material  changes  on  the  order  of  several  thousand  degrees  in  that 
amount  of  time,  the  cooling  rate  must  be  at  least  T  =  10®K/10~®sec  = 
10*"K/sec. 


EFFECT  OF  EVAPORATION 

An  aspect  of  the  irradiation  process  that  has  so  far  not  been  con¬ 
sidered  in  detail  is  the  loss  of  matter  and  energy  by  evaporation.  However, 
even  if  the  liquid  is  overheated  far  above  its  boilinq  point,  the  evapora¬ 
tion  rate,  estimated  from  kinetic  gas  theory,  is  only  on  the  order  of  IP*1 
monolayers  per  second  for  typical  metals.  During  the  lifetime  of  the  melt, 
this  amounts  to  a  loss  of  material  of,  at  most,  a  few  tens  of  monolayers; 
for  the  same  reason,  the  loss  of  energy  due  to  evaporation  is  at  most  on  the 
order  10®w.cm'2  (at  10.000K),  which  is  negligible  compared  to  the  laser 
intensity  of  at  least  10^. cm"^.  We  have  checked  the  accuracy  of  these 
estimates  experimentally  by  measuring  the  recoil  pressure  of  evaporation 
(equal  to  half  the  equilibrium  vapor  pressure),  by  observing  the  amplitude 
of  oscillation  of  a  thin  metallic  ribbon,  clamped  at  one  end  and  irradiated 
with  the  laser  pulse  at  the  free  end.  A  recoil  pressure  on  the  order  of 
lO^Nm"^  was  observed,  which  is  indeed  of  the  sam“  order  as  the  equilibrium 
vapor  pressure  around  1C*X. 

The  holes  often  found  after  irradiation  with  a  Gaussian  beam  are  the 
result  of  the  mechanical  displacement  of  the  liquid  ("splashing")  by  this 
large  recoil  pressure:  they  are  not  a  result  of  direct  evaporation.  Most  of 
our  experiments  were  performed  on  a  layer  supported  by  an  aluminum  film  (see 
below':  if  a  hole  was  found  as  a  result  of  irradiation,  sometimes  traces  of 
A1  were  observed  on  the  top  of  the  surface  in  the  immediate  vicinity  of  the 
hole,  this  can  only  be  explained  by  "splashing". 

Another  conseouence  of  the  inefficient  rate  of  energy  removal  by  eva¬ 
poration  is  that  increasing  the  laser  fluence  mostly  leads  to  further 
overheating  of  the  liquid:  too  large  a  fluence,  therefore  results  in  a 
deeper  melt  and  a  lower  quench  rate. 


only  about  30$.  When  studying  multiphase  alloys,  the  starting  materials 
must  therefore  be  dispersed  on  a  scale  finer  than  this  length.  We  accom¬ 
plished  this  by  using  '•loooi?  thick  ccmpositionally  modulated  films,  produced 
by  sequential  deposition,  with  a  modulation  wavelength  of  about  20fi  (5) . 
These  films  were  deposited  on  a  1  ym  thick  aluminum  layer  supported  by  a 
copper  substrate.  The  aluminum  layer  acts  as  a  heat  sink,  and  its  dissolu¬ 
tion  in  dilute  NaOH  allows  the  irradiated  layer  to  be  floated  off;  the 
entire  irradiated  spot  can  then  be  examined  by  transmission  electron  micro¬ 
scopy  without  any  further  thinning. 


TRANSFORMATIONS 

Since  the  solidification  velocity,  u,  during  cooling  of  the  melt  is  on 
the  order  of  100  m/sec.,  the  time  required  to  solidify  one  monolayer,  X/u, 
is  on  the  order  of  1  ps.  The  distance  that  an  alloy  atom  can  travel  dif¬ 
fusively  in  that  amount  of  time,  (dX/u)^'  ,  is  then  less  than  an  interatomic 
distance.  The  only  transformations  that  can  occur  under  these  conditions 
are  therefore  partitionless  crystallization  or,  if  the  crystal  growth  kinet¬ 
ics  are  slow  enough,  glass  formation.  Figure  2  illustrates  the  transforma¬ 
tion  products  for  a  number  of  binary  metallic  systems. 
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FIG.  2.  Comparison  of  the  alloy 
phases  formed  by  conventional  quenching 
( 106,:/sec . )  and  picosecond  pulsed  laser 
quenching  (10^K/sec. )  . 
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We  have  previously  reported  [3, 5, 6, 7]  a  number  of  results  on  the  binary 
metallic  glasses  listed  on  Fig.  2.  It  is  clear  that  the  glass  formation 
composition  range  is  extended  greatly  beyond  that  of  conventional  methods. 
For  example,  in  the  Ni-Nb  system  [8],  the  glass  formation  range  for  laser 


quenching  is  very  close  to  that  for  sputter-quenching  [9] ,  which  is 
remarkable,  given  the  very  different  mechanisms  of  formatior .  Many  of  the 
glasses  were  formed  below  the  so-called  "T0-line"  in  the  phase  diagram  [10], 
which  is  the  region  where  partitionless  crystallization  is  possible  as  well. 
This  shows  that  the  kinetics  of  partitionless  crystallization  are  not  neces¬ 
sarily  very  fast  (collision  limited) ,  since  changes  in  short-range  order 
upon  crystallization  may  require  diffusional  rearrangements.  For  the  compo¬ 
sition  of  a  system  to  lie  entirely  above  the  T0-lines  is  therefore  a 
sufficient  condition  for  glass  formation  under  these  conditions  (excluding 
intermetal lie  formation) ,  but  it  is  not  a  necessary  one  as  has  been  claimed 
[11,12).  The  same  diffusional  short  range  order  change  must  be  invoked  to 
explain  the  stability  of  glasses  below  the  TQ-line  after  formation. 

Crystalline  Phases 

A  number  of  the  binary  systems  on  Figure  2  have  equilibrium  intermetal- 
lic  phases  at  compositions  that  were  laser  quenched.  None  of  them,  however, 
were  observed  in  the  transformation  products.  This  is  most  likely  the 
result  of  their  rather  complex  crystal  structure,  formation  of  which 
requires  extensive  local  diffusional  rearrangements.  For  example,  the 
equilibrium  phase  of  Mo^gNijg  is  the  4-phase,  which  is  a  Frank-Kasper  phase 
with  56  atoms  per  unit  cell;  upon  laser-quenching  only  glass  was  formed. 

The  only  crystalline  phases  with  growth  kinetics  that  are  fast  enough 
to  prevent  glass  formation  have  simple  crystal  structures;  dilute  b.c.c. 
solutions  (Fe  with  up  to  4%B,  Nb  with  up  to  18%Ni)  and  disordered  f.c.c. 
solutions  (Ni  with  up  to  ll*Nb,  Cu5QCo50,  and  Au  with  40,  60  and  7o%Co) . 

The  Ni  alloys  were  heavily  faulted  and  twinned,  as  were  all  f.c.c.  pure 
metals  and  alloys,  with  the  exception  of  pure  gold.  Figure  3  (a-d)  shows 
micrographs  and  diffraction  patterns  of  the  Cu^gCo^g  alloy  before  and  after 
quenching.  The  increase  in  grain  size  upon  regrowth  was  observed  in  most 
other  cases  where  crystalline  phases  were  formed  (e.g.  pure  Fe  or  Fe(B)  [7 ] ) . 
Exceptions  are  the  Au-Co  alloys  in  which  microcrystals  were  formed  (<100A) . 

In  the  30  and  40%Au  systems  a  small  amount  of  glassy  phase  seemed  to  be 
present  as  well.  The  fine  features  of  the  diffraction  pattern  of  Figure  3d 
result  from  the  extensive  faulting  in  the  system. 

Although  it  has  long  been  known  that  f.c.c.  solid  solutioi  s  can  be  made 
in  the  Cu-Ag  system  at  all  compositions  [13],  we  quenched  alloys  with  35,  50 
and  65  atiAg  to  check  the  homogeneity  of  the  melt  formed  from  the  modulated 
film:  the  sharpness  of  the  diffraction  ring  of  the  solid  solution  demon¬ 
strated  perfect  homogeneity. 


In  compositions  near  the  glass  formation  range,  morphological  insta¬ 
bilities  in  the  latter  stage  of  solidification  (when  the  growth  velocity  is 
much  slower)  can  lead  to  the  formation  of  a  two-phase  crystalline-amorphous 
microstructure  due  to  the  enrichment  of  one  phase  by  rejection  of  impurity. 
This  has  been  observed  in.  the  Fe^B^  system  [7]  . 
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Using  picosecond  pulsed  laser  irradiation,  Fe-B  alloys  have  been  melted  and  quenched  into 
glasses,  with  a  B  content  as  low  as  5  at.  %,  which  is  significantly  less  than  the  minimum  1 2-at.  % 
B  content  required  for  glass  formation  by  other  liquid  quenching  techniques.  Compositionally 
modulated  films  with  wavelengths  on  the  order  of  20  A  were  used  as  starting  materials  to  ensure 
homogeneity  of  the  melt  after  irradiation 

PACS  numbers:  64.70  Kb,  61  40.Df,  81.20.Pe,  42.60.  -  v 


Since  the  first  successful  formation  of  Au-Si  metallic 
glass  by  quenching  from  the  liquid. 1  a  large  number  of  metal¬ 
lic  alloys  have  been  prepared  as  glasses  It  is  now  widely 
believed  that  nearly  all  liquids  would  undergo  a  transition  to 
a  glassy  state  provided  that  crystallization  can  be  bypassed 
during  cooling/  To  bypass  crystallization,  dramatically  dif¬ 
ferent  cooling  rates  are  required  for  different  metallic  alloys 
Pure  monatomic  metals  are  believed  to  be  the  most  difficult 
glass  formers. '  The  cooling  rates  achieved  by  the  socalled 
“splat-quenching"  or  “melt-spinning''  techniques,  in  which 
a  liquid  is  spread  as  a  thin  layer  over  a  cold  substrate,  range 
from  10'  to  10”  K/s.4  These  techniques  can  form  metallic 
glasses  only  for  selected  alloy  systems  and  only  over  limited 
composition  ranges  For  example,  Fe-B  alloys  can  be  made 
into  glasses  by  splat  quenching  only  if  they  contain  12-28 
at  °/c  B  /  Below  12  at.  *?<■  B  metastable  bcc  crystalline  solid 
solutions  are  formed/’ 

Pulsed  lasers  have  been  used  to  study  rapid  melting  and 
resohdificaiion  in  surface  layers  of  semiconductors  and  met¬ 
als  Very  short  duration  laser  pulses  car  induce  much  higher 
cooling  rates  than  those  achieved  by  splat  quenching  ilO"1 
K/s  for  nanosecond  pulses  and  101'  K/s  for  picosecond 
pulses’1)  These  ultrahigh  quenching  rates  make  it  possible  to 
study  new  regimes  of  crystal  growth  and  glass  formation 
kinetics,  and  to  form  new  metastable  phases  For  example. 
Liu  et  al.K>  used  picosecond  pulsed  laser  irradiation  to  form 
the  amorphous  semiconductor  phase  of  Si  from  the  melt, 
whereas  other  liquid  quenching  techniques  always  produce 
the  stable  crystalline  phase  In  this  letter,  we  report  on  the 
glass  formability  of  low  B  containing  Fe-B  alloys  under  these 
ultrafast  quenching  conditions  To  our  knowledge,  these  are 
the  first  experiments  on  metallic  glass  formation  using  pico¬ 
second  pulsed  irradiation 

A  major  problem  in  these  picosecond  pulsed  laser  ex¬ 
periments  is  obtaining  a  homogeneous  melt  within  the  very- 
short  time  that  the  material  is  in  the  molten  state.  For  exam¬ 
ple,  experiments  with  15-ps  UV  pulses  on  a  silicon  surface 
indicate  that  the  lifetime  of  the  melt  is  about  1  ns. 10  Since  in 
these  experiments  the  optical  penetration  depth  is  much 
shorter  than  the  thermal  diffusion  length,  the  lifetime  of  the 
melt  is  determined  mainly  by  the  pulse  duration  and  the 
thermal  conductivity  of  the  material "  Since  the  conditions 
for  experiments  on  metals  are  similar,  the  melt  lifetime  is 
also  expected  to  be  about  1  ns  for  a  30-ps  pulse.  For  a  liquid 
diffusivity  D  =  10  4  cm:  s  ',  this  corresponds  to  a  mixing 


length  (t /£>/)  of  about  30  A  The  starting  material  for  the 
experiment  must  therefore  be  homogeneous  on  this  scale. 
This  is  a  difficult  requirement  for  two-phase  alloys,  such  as 
Fe-B  in  the  composition  range  of  interest  here.  Ion  implanta¬ 
tion  is  one  technique  used  to  achieve  alloy  homogeneity  " 
We  have  chosen  to  make  our  starting  alloys  as  composition- 
ally  modulated  films,  with  modulation  wavelengths  on  the 
order  of  the  mixing  length  (16-35  A),  as  illustrated  by  Fig  1 
The  films  consisted  of  multiple  alternating  layers  of  Fe  and 
Fe-„B:J,  sequentially  sputter  deposited11  "  onto  a  water- 
cooled  copper  substrate  coated  by  an  evaporated  A1  film 
The  total  film  thickness  was  about  1000  A  The  average  com¬ 
position  of  the  films  could  most  reliably  be  obtained  from  the 
previously  determined  deposition  rates  of  the  Feand  Fe^B;j 
layers  The  uncertainty  for  the  composition  is  estimated  to 
be  less  than  10°7  of  the  B  content  No  impurities  could  be 
detected  by  electron  probe  microanaly  sis  lEPMAi  An  addi¬ 
tional  advantage  of  this  modulated  film  technique,  besides 
its  relative  simplicity,  is  its  flexibility  n  can  be  used  for  any 
alloy  system,  and  can  produce  different  compositions  by  var¬ 
ying  the  relative  layer  thicknesses  For  example,  in  these  ex¬ 
periments.  alloys  with  average  compositions  in  the  range  0~ 
24  at.  Sc  B  have  been  made  using  only  two  targets  |Fe.  Fe4Bi 
The  samples  were  irradiated  w  ith  30-ps  neody  mium  yt¬ 
trium  aluminum  garnet  (Nd  YAGi  laser  pulses  i/i  —  1.06 
pml  The  beam  had  a  Gaussian  intensity  profile,  with  a  di¬ 
ameter  of  about  100/^m  and  an  average  fluenceof0.8  J/cnr 
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FIG  1  Schematic  cross  section,  drawn  to  *  variable  scale,  of  •  composilion- 
ally  modulated  film  after  irradiation  by  a  30-ps  laser  pulse  with  a  Gaussian 
intensity  profile 
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(a) 


FIG  2  lal  TEM  dark  field  image  and  b 
corresponding  diffraction  pattern  from  s. 
Fev«.B^  film  before  laser  irradiation 


After  irradiation,  the  films  were  taken  off  the  substrates  by 
dissolving  the  A1  layer  in  dilute  NaOH  solution.  Films  pre¬ 
pared  by  this  method  can  immediately  be  examined  by  trans¬ 
mission  electron  microscopy  (TEM],  without  further  thin¬ 
ning  This  in  turn  allows  a  whole  irradiated  spot  to  be 
observed.  The  laser-irradiated  regions  can  be  easily  distin¬ 
guished  in  the  TEM  image  by  the  disappearance  of  the  "or¬ 
ange  peel"  morphology  [see  Fig  2(a)],  which  is  a  replica  of 
the  substrate  surface. 

In  the  modulated  films,  the  as-deposited  Fe7(1B:4  layers 
are  amorphous,  as  shown  by  the  weak  halo  superimposed  on 
first  diffraction  ring  of  cr-Fe  in  Fig.  2(b),  and  the  as-deposited 
Fe  layers  consist  of  polycrystalline  a-Fe  with  a  grain  size  less 
than  100  A.  All  the  Fe-B  alloys,  with  24,  19,  15,  10,  8  and  5 
at.  %  B,  were  found  to  form  glasses,  after  irradiation,  as 
shown  in  Figs.  3(a)  and  3(b).  Except  for  the  5-at.  %  B  films, 
no  epitaxial  growth  from  pre-existing  a-Fe  crystals  or  nu- 


cleation  of  metastable  crystalline  phases  could  be  observed 
anywhere  in  the  laser-irradiated  spot.  Films  containing  only 
5  at.  %  B,  contained  some  large  I  —  1000  Al  bcc  crystals  at 
the  outer  boundary  of  the  irradiated  regions  We  could  not 
determine  whether  the  crystals  were  a-Fe  or  a  metastable 
Fe9,B,  bcc  solid  solution,  since  the  difference  in  lattice  spac¬ 
ing  between  them  is  very  small  (0.003  Al.'’  Most  likely  they 
are  Feg?  Bv  since  growth  of  a-Fe  requires  diffusion  over  a 
distance  of  about  1000  A,  which  seems  not  plausible  during 
the  short  lifetime  of  the  melt.  Since  the  lattice  spacing  of 
metastable  bcc  Fe,5B?  is  very  close  to  that  of  a-Fe.  it  is  quite 
possible  that  the  bcc  Fe9^B,  crystals  grew  epitaxially  from 
pre-existing  a-Fe  crystals,  which  are  present  only  at  the 
boundary  of  the  irradiated  spot. 

It  has  been  argued  that  the  possibility  of  forming  a  crys¬ 
talline  phase  of  the  same  composition  as  the  melt  makes  glass 
formation  difficult,  since  partitionless  crystallization  ti  e  . 


FIG  3.  (al  TEM  dark  field  image  and  b 
corresponding  diffraction  pattern  from  a 
F*,B,  film  after  laser  irradiation 
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without  solute  redistribution!  is  thought  to  be  a  very  fast 
process  14  ■'  In  the  Fe-B  system,  however,  alloys  with  a  B 
content  between  5  and  12  at  %  can  be  quenched  into  glasses 
(at  high  enough  ratesl  as  well  as  solid  solutions'’  (at  lower 
quench  rates).  This  indicates  that,  although  crystallization  is 
interface  limited,  the  kinetic  coefficient  is  much  smaller  than 
the  collision-limited  value,"1  ’’  presumably  due  to  the  local 
rearrangements  required  to  change  the  strong  chemical 
short  range  order  around  the  B  atom  in  the  liquid  state  to 
that  characteristic  of  the  bcc  solid  solution.  The  same  argu¬ 
ment  must  also  be  invoked  to  account  for  the  thermal  stabil¬ 
ity  of  the  glassy  phase  after  the  quench 

In  conclusion,  we  have  demonstrated  that  the  ultrahigh 
cooling  rate  induced  by  picosecond  laser  pulse  irradiation 
can  be  used  to  obtain  glassy  Fe-B  alloys  with  a  B  content  as 
low  as  5  at  %,  which  is  very  significantly  lower  than  the  B 
content  required  for  glass  formation  by  other  liquid  quench¬ 
ing  techniques.  The  cooling  rates  in  these  experiments  are 
the  highest  ones  used  so  far  to  quench  liquids,  and  the  results 
illustrate  the  potential  of  the  technique  for  formation  of  new 
glasses  and  for  the  study  of  the  kinetics  of  crystal  growth. 
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Introdurt  10  r. 


Since  the  first  successful  quenching  ol  liquid  Au^£i  to  the  glassy  state 
lli,  many  metallic  alloys  have  oeen  prepared  as  glasses.  As  proposed  by 
Coher.  and  Turnbull  U‘ >  ,  it  appears  that  nearly  all  liquids  would  unde  roc  a 
transiticr.  tc  a  glassy  state  if  crysta llizat ion  car.  be  bypassed  cr  coclinq. 
This  condition  is  most  difficult  tc  meet  m  .  ure  monatomic  metals,  which  are 
therefore  believed  tc  be  the  most  difficult  glass  formers  (3). 

The  coding  rates  achieved  by  the  so-called  '  sp  lat -quench;  r.c '  cr  ‘melt- 
spinning’  techniques,  ir.  which  a  liquid  is  spread  as  a  thin  layer  over  a 
cold  substrate,  range  frer  1C’>  tc  10®  K/s  (4).  Or. ly  selected  allcr  sisters, 
over  limited  composition  ranges,  car,  be  quenched  intc  glasses  at  thes* 

CO'  lino  rates.  For  example,  Fe-B  alloy  glasses  car  be  produced  ly  splat- 
quenchino  or.  1>  if  the,  contain  12-28  at.%  B  ( e  )  .  Bt  1  ow  12  at  %B  ,  nwtastai.lt 
bcc  crystalline  solid  solutions  are  formed  (t>  . 


It  is  wt.ll  kr.owr.  that  she  rt  laser  puls*  s  car  i  nd  u  .>  ra;  :  d  me  It;:.:  a-: 
resclidi  ficat i  or.  ir.  surface  layers  cf  sc- mi  conduct  cr  r  and  metals.  Tr  •  srerter 
the  pulse  dura*.. a.,  the  faster  the  ht-atma  and  coclmu.  Witr 
pulses,  ultrafast  coding,  u;  tc  1'^  K  s,  can  te  act. .  eve  d  Th.se 

ultrahig*  quencr.inc  rates  make  it  ;oe>s,Lit  tc  stud,  new  regimes  cf  crystal 
growth,  formation  of  metastal.lt.  phases,  and  a  lass- f  ormi  r.a  kinetic-.  T*  ■ 
usefulness  of  these  u  It  rah  l  ah  quer.cha  r.q  rat.  f-  has  bet -n  dcror.str  att-d  by  tr  t 
wor*  of  Liu  et  al  (81  ,  vhc  used  1'  p  st  c  L’.V.  pulses  tc  melt  Si  ar.d 
s „  i  sepjer.t  ly  form  its  amorphous  semu  ccr.du.rt  cr  phase  cr.  the  surfa:e  cf  a 
s.’ r.c  it  crystal.  Other  liquid  qjtr.CMi.c  techniques  always  had  t  reduced  t*< 
stable.  cr*.  s  tal  imt  Si  phase.  W.  have  used  this  quenching  technique  tc  stud', 
gla-s  format;  or.  ir.  low- F-  Fe-B  alleys. 


Tw .  ma ;  or  jraticr-  ir  stud.es  or.  metallic  alleys  arc 


crystalline  alley, 
experiments  or.  Si 
lifetime,  f  t h •  re 

op  ti  ra  1  ai  s  or:  t -or 
exp  erirvr  ts  c:  5 1 . 
diffusivit.  ir.  th* 
3CA.  Tr.e  starting 


tr.e  h  xc3t  he  .  t  •.  of  t  he-  melt  ot  t  a :  n>  d  f  r  t  a  .ult.:  *  ««• 
due  tc  its  sh.trt  li  f  e  t  im<  .  Ex.  e  r  ie  r  wit*  1 '  :  i  r  - 

: ar.d  he  at- flow  calculations  ("*'  indicate-  t.hat  t  b  * 

It  i  s  at  out  1  ns.-:  since  tr.e-  thermal  conduct  i  vi  t  \  ar.d 
ier,otv  for  a  me  tal  ar*.  sir.lar  tc  those  cf  the 
a  similar  melt  lif.tir.  it  exacted.  Sircc  the  atcr.. 
melt  is  about  K,_4cr*  sec" 1  .  tr*  nxjr.i  lcrgtt  •  tt  is  arc..* 
m.aterial  should  therefore  be  homogeneous  or  this  seal* 


In'  dete-rr.*  nine  the  structure  of  the.il."  A  thick  transformed  la.c:. 
Vr.l.ke  ir.  the  Si  case,  where  is  a  reflectivity  difference  be  twee*  the 
amorphous  ar.d  crystalline  phase,  which  allows  convenient  character  i  rat  .  or  i 
optical  microscopy,  the  metals  require  direct  diffraction  methods  for 
structural  de  te  rmi  r.at  l  or. .  Transmission  electron  microscopy  ITEM  is  clear’, 
tr.e  technique  of  chcice  here.  Since  the  japid  coolinq  requires  a  cold  sub¬ 
strate  that  Is  much  thicker  than  the  1000A  melt-depth,  a  problem  arises  in 
attaining  a  tmr  foil  for  TEM  observation.  Thinning  fra-  the  tack  is  rot  ar 
er.tirel  satisfactory  solution,  since  it  does  not  permit  l  r.vest  i  aat  i  or.  cf  a* 
entire  10C'  .  r  diameter  s«  ot  .  We  have  developed  a  vt  ry  satisfactory 
solutior  to  both  these  problems,  based  on  con;  osi  1 1  or.a  1  ly  modulated  films  I 
as  described  below.  It  has  the  additional  advantaaes  of  permittina  a  lain 
number  of  sar;  Jes  with  different  compositions  to  be-  made  from  just  twe 
sjutterinu  tarq.tr. 
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50  pcosacono  lose'  pulse 


"XXXitO*#d  htm 


hertgn«xA  F«  B  q'ou 


oooA 


Cu  subside 


lOO^rr 


F.uur.  1  -  crosv  K'f  .  draw  tc  a  vanahli  seal*,  cf 

a  ;jn,  ;o:.dll\  modulated  fair-  after  i  r  radi  at  i  or.  by  a  3(  j  se: 

ia*-. «  :  ;ulst  ».t.‘  a  Gaussian  mt  ensi  t ,  profile. 


l  r ;  r .  •  t . 


Ft  frtF-,j  con;.  esi  tiona  llv  modulated  f  1  Ins  with  mod  ulat  lor,  wavelenctrs 
c  tri<  rrdi  r  of  th«  nuxir.Q  ler.ct  )  t— 3.'AV  dunne  tht  lifetime  of  the  melt. 
w>.  r «.  tie:  and  ty  biased  t.C.  sy  ut  ter-dt  p  os  1 1 :  or.  from  a2  terr-at  jr.o  tarots  cf 
r  •  ar.d  *th  P  _  ill/.  T:.«.  film.',  about  KCr£  thick,  wet*  deposited  ortc  a 
•»  •  •*  . .  2  C:  :•  con'***  suLstrav  ccati  d  t  >  a:  evay  crat*  d  Al  film.  as-  sr  -*w:. 

.■  f4i.u  1.  ?’  «  4v,  j  a>  composition  cf  the  films  could  most  reliatlv  tr 

;  ta.r.rj  fr.-  t*>  independently  Obtained  deposition  rates  of  Fe  ard  Fe^F;, 
a-  t  :  -.„:d  cor  writ  r.t  3v  varied  by  ad-ustino  the  Fe  thickness  rat;c. 

A.l  ‘  wit-  avtraai  cor:  os:  ti  or.  m  the  range  0-24  at.SB  were  prepared. 

Tr.t  samples  wtit  irradiated  with  30  pst-c  Nd.YAO  (  e  3  .  Of  .  n>  las«  i 
-.ulsts,  ^ifh  a  bear  diameter  of  about  100  l.m  and  a:,  averagt  fluer.ee  cf 
.  c*  0  cm*.  Tht  films  were  thcr.  taker,  off  the  substrates  ty  dissolving  the 
A 1  layer  in  a  dilute  Na  H  solution,  arid  could  immediately  bt  examined  ty 
transmission  electron  microscopy  (TEM)  .  This  technique  allows  exam.i  nat  l  or; 
of  a  whole  irradiated  spot. 


Hisultf  a’  .1  Eisrussion 

3  r  tht  modulated  films,  tht  as-deposited  Fe  layers  consisted  of  pclv- 
crystal  line  i-Ft  with  grain  sizt  less  thar.  10C*A  (Figure  2iaU,  and  the  as- 
d-.ositid  Fr‘7^Fj4  layers  were  amorphous,  as  sho’r  by  the  weak  hale  sup  er- 
imp  osed  on  the  first  nnq  of  o-Fe  diffraction  patterns  in  Figure  2(b). 

All  the  Fe-B  alloys,  with  24,  29.  lb,  20,  8  and  5  at . %  B,  were  found  to 
form  glasses  after  irradiation,  as  sho/r.  in  Figure  2(c)  and  fd)  .  Except  fc>r 
the  l  at.*  B  films,  nc  epitaxial  growth  from  the  pre-existing  i-Fe  crystals 
cr  nueleatior.  of  metastable  crystalline  pihases  could  be  observed  anywhere  in 
the  laser-irradiated  spots.  Films  containing  only  5  at . t  B  contained  some 
large  ;«**  lOOvM  bcc  crystals  at  the  edges  of  the  irradiated  regions,  as  shown 
in  Figure  3 i a )  and  (b) .  Although  the  lattice  spacing  is  close  to  that  of 


27b 


(^) 


(d) 


Figure  T  -  TCP  dark  field  images  and  the  corresponding  diffraction 
patterns  froir  a  Fc-c^B^  film  before  (a,b)  and  after  (c,d)  laser 
1  rradiati  or. . 
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Figure  3 
F  atum 


Ftr 


-  TEK  dark  field  image  and  corresp ending  diffraction 
taker,  frer  the  edge  of  a  laser- irradi  ated  spot  or.  a 
i  lr . 


»-Fe ,  it  was  not  possible  tc  determine  whether  the  crystals  consisted  of 
■-  or  a  metastable  Fe^zBr  tec  solid  solution,  since  the  difference  ir. 
lattice  spacing  between  them  is  very  small  (-0 . 0C3A)  (6 j .  Most  likely  they 
ar«.  Fe^B.  ,  since  growth  of  *-Fe  crystals  to  such  size  would  require  diff\*icr 
C’a  r  a  distar.ee  cf  about  1“C-:A,  which  seems  not  possible  during  the  short 
life  tin*,  cf  tr.e  nv.lt.  These  tcc  crystals  are  present  or.ly  at  the  edges  of 
f  t  irradiated  s;.  cts.  Their  absence  from  the  center  of  the  spots  rules  out 
t:  at  they  would  be  the  result  of  homogeneous  or •  heterogeneous  nuc leaner,  in 
tv  r*.  It.  This  leaves  only  epitaxial  crystal  growth  as  their  possible  origin 
S.r.ce  tr.e  lattice  spacing  of  the  metastable  bcc  FegsBc  is  very  close  tc  that 
cf  i-Fv  ,  it  is  quite  possible  that  the  bcc  Fege.B:,  crystals  grew  epitaxially 
fror  tne  pre-existing  i-Fe  crystals  that  were  present  only  at  the  edges  cf 
tv.  irradiated  spots  (see  Figure  1).  In  comparison,  we  notice  that,  after 
ir rad: at i or. .  nc  observable  crystal  growth  occurred  at  the  edges  of  the  spots 
in  the  hiaher  B-contair.ing  at.%)  Fe-B  alloys,  whereas  i-Fe  crystals  grew 
fror  the  as-deposited  qrain  size  of  SOG&  to  about  1  urn  ir.  pure  Fe  films  Ul'». 
This  indicates  that  B  has  a  very  strong  effect  on  the  crystal  growth  velocit> 
of  the  Fe  alloys.  The  change  of  driving  force  can  also  be  a  factor  m  some 
cas*  s . 


Since  the  tir*  scale  involved  in  this  quenching  method  is  sc  short,  only 
, art l tionless  solidification ,  either  par 1 1 1 1 on  less  crystallization  or  glass 
formation,  need  to  be  considered.  If  partitionless  crystallization  car.  be 
j reverted,  a  glass  will  be  formed.  In  the  low  B- containing  Fe-B  alloys,  the 
most  obvious  type  of  j artit lonless  crystallization  is  the  formation  of 
metastable  i-Fe(B)  solid  solutions. 

It  has  been  argued  that  the  possibility  of  forming  crystalline  phase 
of  the  same  composition  as  the  melt  makes  glass  formation  difficult  (13,14), 
sine*  parti tionless  crystallization  is  thought  usually  to  be  a  very  fast 
process.  In  the  Fe-B  system,  however,  alloys  with  a  B-content  between  5  and 
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Figure  4  -  Fe-B  equilibrium  phase 
diagram  showing  the  T0  line 
calculated  by  regular  solution 
theory . 


12  at.%  can  be  quenched  into  glasses  lot  high  quenching  rates)  as  well  as 
solid  solutions  (6)  (at  lower  quenching  rates) .  This  indicates  that, 
although  partitionless  crystalli2atior.  is  no  doubt  interface-limited,  tht 

coefficient  is  much  smaller  thar.  the  collision- litru  ted  value  for  jure 
elements  ( IS , 16* ,  presumably  due  to  the  local  rearrangements  required  to 
change  the  strong  chemical  short  range  order  (l7)  around  the  B  at  or  m  the 
liquid  state  to  that  characteristic  of  the  bcc  solid  solution  (6).  The  sam< 
argument  must  also  be  invoked  to  account  for  the  thermal  stability  of  the 
glassy  phase  after  the  quench. 

Figure  4  shows  the  calculated  T K,  line  of  a  solid  ft-Fe(B)  solutior  v;ty 
respect  to  a  liquid  fe(B)  solution.  Reqular  solution  behavior  was  assumed 
for  both  liquid  and  solid  solutions  in  this  calculation.  The  values  of  the 
exchange  energy  parameters  at  each  temperature  T  were  determined  from  th*. 
corresponding  solidus  and  liquidus  points  at  that  tamj'erature (16 and  *>  r  t»cr 
used  to  determine  the  corresponding  composition  on  the  Tc  line.  The  T(J  line- 
can  be  regarded  as  th«  locus  of  the  conarucnt  melting  points  of  the  metastatic 
'i-Fe(B)  im]id  solutions.  A(  )  ar  *»m  1  v  ,  th<  coi>cnui  r.t  m-ltitvi  t«-m*  •  t  at  u»  i  «■ 
strongly  depressed  by  addinq  B  to  Fe.  This  enhance*  the  glass-forming 
ability,  provided  that  glass  transition  temperature  is  *  slowly  varyino 
function  of  composition.  The  observation  that  12  at.%  B-containina  Fe-b 
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•  Hoys  can  be  quenched  into  single  phase  bcc  solid  solution  suggested  that 
Tc  at  12  at.%  B  should  be  greater  than  the  qlass  transition  temperature.  Our 
calculation  is  indeed  in  agreement  with  this  speculation.  Hasegawa  et  al. 

(S)  observed  that  Fe-B  glasses  with  about  18  at.%  B  or  less  crystallize  first 
to  the  single  phase  bcc  solution  on  heating.  Our  calculation  shows  that  the 
composition  corresponding  to  T0  *  Tc  is  about  16  at.%B,  (T  :  crystallization 
temi<eraturt  of  the  glass,  660K  for  18  at.%  B  glass  (5))  in  good  agreement 
wit*,  the  observations,  taking  into  account  the  approximate  nature  of  the 
regular  solution  calculation. 

Although  for  the  5-12  at.%  B-containing  Fe-B  alloys,  the  Tq  line  lies 
above  the  glass  transition  temperature,  these  alloys  can  still  be  quenched 
mtc  glasses  (i.e.:  not  crystallize  into  bcc  solutions)  probably  because  of 
the  drastic  change  in  chemical  short  range  order  in  the  transition  from 
liquid  Fe (6)  to  a  bcc  t-Fe (B)  solution.  Since  in  none  of  the  specimens 
crystal  growth  due  to  heterogeneous  or  homogeneous  nucleation  inside  the 
m* It  was  observed  it  is  possible  that  Fe-B  alloys  with  even  lower  B  content 
car.  be  querent- J  ir.tc  glasses  by  this  technique.  This  possibility  is  no.' 
being  investigated- 


Co: 


us:  or. 


Wt  havt  demonstrated  that  the  ultrahigh  cooling  rate  induced  by  psec 
laser  pulse  irradiation  can  be  used  to  obtain  qlassy  Fe-B  alloys  with  a  B- 
c or. tent  as  low  as  5  at.%,  which  is  very  significantly  lower  than  the  B- 
conter.t  required  for  glass  formation  by  other  liquid  quenching  techniques. 
The  cooling  rates  in  these  experiments  are  the  highest  ones  used  so  far  to 
quench  metallic  liquid  alloys,  and  the  results  illustrate  the  potential  of 
the  technique  for  formation  of  new  glasses  and  for  the  study  of  the  kinetics 
of  crystal  growth. 
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